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ABSTRACT 
Five coals  f rom the A r gonne Premiu m Coa l Sample p r og ram , ranging in  
rank from sub-bituminou s to  lo w vol atile bitumi nou s ,  before and 
fol low i ng ar tificial weathering , we re exhausti vely ext racted with 
solvents in the sequ ence: toluene , tet rahydrofu ran , N , N-dimethyl­
f or mamide , and pyrid i ne .  
Sequential solvent extra ct i on reve a l s  more insight into the coal 
st ructu re than single solvent ext racti on because f rac ti ons are isol ated 
on the basis of both molecu lar size and polar i ty. The re cove red 
ext racts and re sidue f rom the ext racti on a re moni tored by FT- IR 
spect roscopy ,  e lemental ana lysis , phenol content , solvent swel ling, and 
Gel Per meation Chromatog raphy analysis (GPC) . The ext rac tion re su l ts 
show tha t  f or f r e sh coal s ,  the total e x t ra ct y ields are coal rank 
dependent , bu t t rends a re less clear f or ox i d ized coa l s . A cor re l ation 
be tween the tota l ext ract yie lds and the molecul ar  weights of the 
extracts  a re found by GPC analysis . FT- IR spect ra  of ext racts reveal 
change s with coa l rank and upon oxidation in  more det ail than spect ra of 
the whole coals .  F re sh and oxidized coa l s  of mi ddle rank a re less rich 
in carbonyl groups . The oxygen content in f re sh su bbitu minous coa l is 
dominated by acid g roups. Higher rank coa l s  (up to 89% c daf) exhibi t 
more dive rse  oxygen-containing fu nc t i on gr oups than lo wer rank coa ls .  
Air oxidation of hi ghe r r ank coa l s  brings comp l i c ated changes in FT- IR 
spect ra of ext ra cts .  For h i gh volatile bituminous coa l s ,  it is 
concluded that the loss of ext ractability upon air oxidation is due to 
the f or mation of ethe r l i nkage s. 
ii 
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Introduction 
Coal has been one of the major sources of energy for centuries. It 
was, however, undermined by the cheap oil and gas in enormous quantities 
in 19 6 0's and 1 970's . With the developing shortage of pet roleum in the 
world today, coal, which had for the la st few decades played a steadily 
diminishing role in the energy economies of industrialized count rie s, 
has once again become a primary resource of energy. Due to this reason, 
in the last ten year s there has been a new w�ve of interest in coal 
studies . 
Coal is a dark, burnable solid1. From a more chemical poin t of 
view, coal is an aggregate of heterogenous substances consisting of 
organic and inorganic naterials2. The organic materials are mainly 
derived from plant remains which have undergone various degrees of 
decomposition and chemical and physical altern�tion after burials. �he 
i norganic materials are primarily mineral matter. �hey can come from 
three separate processes1. 
Below is illustrated a reasonuble outline for the ge nesis of 
coals3• 
Plants 
Peat 
Lignite 
Subbituminous coal 
Bituminous coal 
Anthracite 
1 
Rank increases 
Aromaticity increases 
Carbon content increases 
Oxygen content de cre ases 
As the coalification increases, from plants to peat, fron peat to 
anthracite (as shown above), the carbon content increases. ':'he rank, 
which is defined as the extent to which the organic materials have 
matured during geologic time on going from peat to anthracite, also 
increases4; but the oxygen content decreases. The rank of coal is 
greatly affected by the pressure and temperature. 
The structure of coal plays a dominant role in determining many of 
the physical properties of coals as well as the chemical behavior5. A 
more profound knowledge of the structure and of the physical and 
chemical properties of coals must be obtained before a practical problem 
can be solved6• Many experiments have been carried out for decades to 
determine the structure and chemistry of coal. Different models have 
been proposed to describe coal structure. One of them, proposed by 
Given in 19617, is an aromatic/hydroaromatic model (Figure 1), 
traditionally viewing coal as a framework composed of small clusters of 
polynuclear, aromatic hydrocarbons (the size of the clusters being rank 
dependent) held together by methylene bridges819• The periphery of 
these clusters holds the various functional groups, typically, oxygen 
conttiining functional groups, and the short side chains. There are 
other models such as polyadamantane mode110 and molecular-sieve mode111 . 
An important criterion to decide whether the model can represent 
the actual coal structure is that it should not only explain the 
physical structural parameters such as elemental composition and 
aromaticity values but should predict chemical properties (or "behave" 
chemically in a similar manner to the substance being modeled), The 
"Wiser model" (Figure 2) proposed by W. H. Wiser in 1975 is one having 
such st rengths 12• ':'he model modifies the extensive hydroaromatic 
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Figure 1. Proposed structural elements of coal (A1ven, 1960). 
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f igure 2. Proposed structural groups and connecting bridqes in coal 
(Wiser, 1975). 
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structures by introducing relatively weak bonds between the aro natic 
units. .\ rec ent review by Valk ouie 1 3 3lso pointed out the possibil ity 
of ether l i nkages, sulfide and disulfide linkages, as well as diphenyl 
groups. He further stated that the methylene unit can be longer than 
one but probably not too m::my, if any, longer than four. \lork by \lellcr 
and Hert using intern2.l friction methods supports the se observations14. 
Compared to the r:iodel by Given, the �lis er model only shows two 
dimension s. However, considering the fact that the oxygen functional 
groups might inte ract with other par ts of the nolecule, e.g.,  phenolic 
hydrogen, via H-bonds, or dipole-dipole forces, it w ould not be a 
surprise to see that t!!e coal is a three-dimensional, porous, cross-
linked macrornol0cular network in which snall nolecules are held by 
secondary forces5,l6-19. The existence of these two phases (macro and 
micro) has been confirmed by pulsed ln n.n.r. techniques19, 20• '.::'he 
small molecules trappe� in the macromolecular network are thought to be, 
to Sor.le extent , extractable by organic solvents19-22. This led to the 
fundanental idea for coal extracti on. 
In the past, solvent ext ra ction of coal was used practically to 
isolate a hypothetical cok ing principle (e.g., substances thought to be 
responsibl e for the c:J.king properties) and produce r;iaterials of 
poten tial industrial value (waxes, resins), and theoretically to study 
the composition of coa123• The work in this thesis is involved in the 
second category. 
Coal can only rhssolve to a small extent. A potential solvent is 
necessary in order to investigate coal by many conman tech niques which 
usually require that the objects unde r investigation must be dissolved 
in some solvent. For this reason, the dissoluti on of coal in solvents 
4 
has been studied from many aspects24• Since the first systema tic 
experiments on coal extraction by De riars illy in 186024, many 
inve stigator s have extracted coal wi th a variety of organic solvent s, 
e.g., benz e ne, tetralin, alcohol, pyridine, etc25• It has been found 
that pyridine is one of the most po werful solvents for coal extracti on, 
as it can dis solve relatively large amounts of bitumino u s  c oal s26,27• 
�his was first observed by Bedson in 190228• The pos sibil i ty of coal 
dissolv ing in some solven ts led to the extensive use of solv ent 
extraction in s t ructural investigation of coals, and i t  h a s  been 
su gge s ted that the str u c t u re s of the s e  ext racts close ly resemble those 
of parent c oa l s29-31, especially those of pyridine e x tra ct s
32• However, 
since onl y  a sma l l  frac tion of c oal can be extracted, it might not be 
safe to appl y al l the information obtained from the extracts to the 
parent coals26133• The rece ntly developed a lt erna tiv e technique - hi gh 
r e solution 13c n.m.r. of sol ids, u sing magic-angl e  sp inning , hig h-power 
d e coup l ing , and cro s spolarization, is the product of th is need33• 
Neverth e l e s s ,  solvent extracti on is still an i mpor tant te chniqu e in coal 
research bec ause the extracts from the coals are directly rel ated to the 
pare nt coals, devo id of complicating mineral matter and soluble in at 
leas t one solv ent27. 
Different m echanisms of coal dis soluti on have been prop o s ed . 
According to Dry den 3 4, coal c onsists of units "micel les", which vary in 
s ize over a c on siderable range. A sui tabl e solvent acts by swe lling the 
mice l l e  network so that the smaller uni ts c an be extra c ted by diffusion 
through the s woll en pores of the matrix. van Kreve len proposed another 
th eory23, which regard s coal as a cro s s-linked polymer. The insoluble 
fr action is a cross-linked ge l and the extractab l e  substances are "free" 
5 
mononer s  and oligorne rs .  van
-Bodegom , et al.231 3 5, after studying th e 
action of solvents on dif f e rent r ank coals, reported t h at the 
dissolu tion behavior of low rank coals is different from t h at of medium 
and high rank coals. �h ey c onc l u ded th at the soluble coal f ragrnents in 
low rank coal ( 67 - 75% c, daf) are bound in the coal throu gh ester 
bonds and that th e se ester bonds should be broKen before extens i ve 
dissolu tion c an take ?lace. Also,  the acidic coal f ragm ent s have to be 
solubilized because low r ank coals c ont 3in ��ny acidic grou ps. 
Different f rom lo\J r�nk c oal s ,  the dissolution behavior of mediu m and 
high r ank coal dcx:s not inv olve t h e  breaking of chemic a l  bonds exc ept 
hydrogen bonds. 
Mar zec c:i.nd he r co - workers have developed anoth er theory for solvent 
ext rac ti ons 3 6 (a , b ) , based on th e a s su mpti on that elect ron-donor-ac ceptor 
( EDA) interactions occur in coal and are respo�sibl e f or binding 
together n::icrornolecula r network and extractabl'.� substances filling the 
pores of a network (as shown in Figu re 3). ��c solvent ext ra ction i s  
solvent molecule 
Fig. 3. Coal e\tract1on model sho.,..mg donor acceptor bonds occurring in coal. (1). (2), 
(3). and (4) represent po»1ble route' of donor dcceptor bond formation between solvent mole­
cules and electron d0nor or acceptor centers of coal. 
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therefore in  princ i ple , a subst i tu t i on reacti on : pore  substance s  are 
replaced by a solvent molecule in the i r  Donor ( networ k ) ---...,Acceptor (pore 
substance ) or Donor (pore substanc e ) ---+-Acceptor (networ k )  bonds. 
Solvents capable of substitu ti on a re cha racte r i zed by spe c i f i c  Donor 
NUinber ( DN) and Acceptor Number (AN) values  whi ch can be quant i tative ly 
deter m i ned by Gutmann ' s  methoa37• A cor relati on between the donor and 
acceptor number s  of the solvents and the ext ract yields has been 
observed by the m. 
Many solvent ext ra c t i on re su l t s  have shown that the ext ract yie ld 
is coal rank dependent. Erbatu r ,  et al .  29 , Regge l ,  et al. 38, and v an 
Krevelen 39 stated that the solubili ty in pyr i dine decreased di rectly 
w i th a decrease in the r ank of c oal. However , Dryden 40 po inted ou t that 
pyr idine ext ract yields pas s  th rough a br oad maxi mum bet ween 80  and 8 5 
wt% carbon on a d ry, ash f ree bas i s  (daf ) .  He fu r ther repor ted 41 , for 
other common sol vents (e.g. , benzene-type and pyr i dine-type) , that above 
85 to 87% C the yie lds become smaller at an accele r ated r ate: f rom 88 to 
89% C the amount of ext ract is small: beyond 9 2 to 9 3% C the yield 
becomes negli g i ble: below 80% C the yield may possibly decrease .  Other 
wor k42  also shows ext ractabili ty reache s a maximum in coals w i th 88 wt% 
ca rbon in a dry  m ine ral matter f ree bas i s  (dmmf ) ,  whi ch u sually 
cor re sponds to a lo wer % carbon in a daf bas is4 3 • W i th pyr i dine , 
ext ract yields may be on the order of 20  - 4 0  wt% of the coal. Lower  
r ank coals show ext ractabili ty i n  pyr i di ne of  5 - 10 wt%. Above 9 0  wt% 
carbon (dmmf ) ,  ext rac ti on yields f a ll off d ramatical ly. Ou r work in 
solvent ext ract i on of d i f f erent rank coals is consistent w i th the se 
observati on s . 
It is  well-known that mild ai r oxi dat i on of coal ( weather ing)  
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de st roys cok ing proper tie s and lowe r s  the l i quefact i on yie ld 4 4- 48. The 
effect of ai r oxi dati on on coal has caused a seri ous p r oblem in sto rage , 
transpor t and u t i l i z at i on. With the increased u t i l i zation of coal as an 
al ternative energy sou rce in recent year s ,  p r oblems rel ated to ai r 
oxidati on of coa l s  have att racted a great de al of attent i on. 
Inform ati on was acqui red concer ning the low tempe ratu re oxi dati on of 
coals of var i ou s  ranks49• It has been repor ted that the oxi dat i on of 
coal i s  a l so r ank dependent50• Lower r ank coals  have hi gher  oxidati on 
r ates50 than h i gher rank coals.  With the same coa l , ai r oxi dat i on 
always leads to an inc rease in oxygen content and a decrease in carbon 
content 4415 1• I t  has been found by many inve st i gato� .. that extract i on 
yie lds tend to reduce upon oxi dati on 4 41 5 2153• However ,  with the three 
coals Agde and Winte r wor ked w i th ,  two of them decreased but one 
increased in yield  wi th benzene p re s su re ext rac ti on 53• Another research 
gr ou� also repor ted an increased ext ract yield after oxi dati on 53• 
To fol low the chemi cal changes du r ing the oxi dati on p r oce ss , m any 
inst rumenta l  techniques and chemi cal or physi cal methods have been 
employed . The d i l atati on te st is an old m ethod to fol low the degree of 
oxidat i on bas ed on the reduct i on of di latat i on* upon oxi dat i on 54 • 
Another method ,  d eve loped by Isk ra and Larkowsk i ,  i s  based on the change 
in the f lo tat i on characte r i s t i c  of coa l ,  resulti ng f rom the change s in 
the surface prope r ties of coal par ticles  brought a bou t  by oxidati on 54• 
Other conventi onal measu rements such as f ree  swel l i ng index (FS I )  and 
Gieseler  f l u i d i ty ar e  also used in oxi dati on studies 5 5• However , these 
me thods only det ermine the extent of oxi dat i on and are unable to reveal 
* Di latation measu res the behavi or of coal du r i ng heating. See Loison ,  
R .  et  al . ,  "Chemistry o f  Coal Uti l i z a tion" , 1981, 1 50-159 . 
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the cheni cal change s .  
Deve loped i n  ear ly 197 0's , analys i s  of pyrolysis  gases  provi ded 
another che mical means f or study the weathe r i ng of coa1 54• Assu m i ng the 
increase in the oxygen content of coal w i l l  be mai n ly in the for m of 
reac tive groups : -OH, -COOH, and C=O, the pyroly s i s  of such oxi d i zed 
coal ought to lead to the decomposi t i on of these groups and , in so 
doing ,  cont r i bu te carbon monox i de and carbon diox i de to the total 
gasesous products.  Recent ly , m i nera l matter has been suggested to be a 
measu re of oxi dati on as i t  i s  gene r ally accepted that pyr ite in coal i s  
transformed t o  var i ous  i ron su lfate s and oxyhydroxi de s  du r ing the low 
tempe rature oxidati onSS , 56 • These oxidati on products  c an be easily 
detected by 57Fe Mos sbauer spect roscopy. Other inst ruments were al so 
i nt roduced in coal oxidati on studies,  such as magic-angle 13c n.m. r .  
spect roscopy 571 49, mas s  spect rornetery58 , FT-IR, etc.  
Int roduced in the last decade , Fou r ier  t r ansfor m  inf ra-red ( FT- IR) 
spect roscopy has been found to be a power fu l tool for e lucidati on of 
coal st ructu re and for inve sti gati on of the st ructu ral var i ati ons 
brought about by the oxi dati on of coal or the carboni z at i on of solvent 
ref ined coal. Owing to its high sens i tivi ty, supe r i or s i gnal/noise 
r atio ,  fast operat i on ,  ene r gy th roughpu t ,  long te r m  pre c i s i on and the 
avai lab i l i ty of powe r ful  data m ani pulati on fac i l i tie s ,  FT- IR has found 
increas i ng use in coa l  re search 59 ,60. 
Oxi dat i on studi e s  by many techniques f rom var i ou s  aspects conf i r m  
that the role oxygen plays i n  coal i s  the k e y  factor re spons i bl e  for al l 
change s brought about by oxi dat i on.  For  instanc e ,  some of these  change s 
are the loss of cok ing prope r ties,  the dec rease in flu i d i ty and 
l i quefacti on yield,  the change s in swe l l ing and ext ra ctabi l i ty ,  et c.  
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Reductive alkylation by the Sternberg61 method using potassium and 
naphthalene in THF as the reducing agent and ethyl iodide as the 
alkylating agent shows tremendous increases in pyr idine and benzene 
extract yields in bituminous and subbitum inous coals. Work by Stock62 
using a similar reductive alkylation method with several primary alkyl 
iodides as alkylating agents also showed an increase in extractability 
after coal was reductive alkylated. Since this method can cleave the 
ether linkages in the macromolecular net\1ork in the coal, i t  is deduced 
that the ether linkages play a key role in solubility. In fact, many 
papers have reported that the loss of swelling properties, whi ch is 
closely related to the solubility23136(b), is attributed to the 
formation of ether cross-links
51163-65; while Painter and his co­
workers suggested the formation of ester cross links being responsible 
for the loss of swelling characteristic of oxidized c oa166• 
Although i t  i s  generally accepted that low temperature oxi dat i on 
leads to an increase in the reactive oxygen groups, -OH, COOH, and C=O,  
different opinions were presented a s  to which oxygen fu nct i ona l group is 
present, or whether all these functional groups are produced, or if the 
condensati on between p:1enolic CH and acidic or aliphatic hydroxyl OH are 
products.  Liotta reported that the e:<posurc of freshly-mined Illinois 
#6 bituminous coal to atmospheric oxygen at �rnbient conditions resulted 
in a slow oxidation reaction which appeared to be complete within two 
months to produce an oxidized coal product with �26% more organically 
bound oxygen than the fresh coa144• Elemental analyses, FT-IR spectra 
and 0-rnethylation reactions revealed that the chemically incorporated 
oxygen eventually formed ether linkages through hydrope rox i des  as 
transient intermediates in the early stages of the oxidat i on. No 
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carbonyl , or carboxyl groups were pre sent in th i s  oxi dized coal . 
Ignasiak found that pyrolys i s  ind i c ates that r:iild weathe r i ng on r1oss 3 
coal leads to the format i on of oxygen ether cr oss-l i nks - the 
condens ati on produ cts of OH groups cr eated dur ing oxi dati on51• In 
cont rast to the se resu l ts , Fou r i er t ransf orm i nf ra red (FT-IR) stu d i es of 
low tempe rature a i r  oxi dati on of caking coal s by Painter , et al . ,  
demons t ra tes that carbonyl and carboxyl groups are formed i n  the ear ly 
stages of oxi da ti on. ':'here was no evi dence for the f ormati on of ether 
cross-l i nk s in the se stage s46167 • Bou wman and Frer i k s68 examined coa l 
samples obtained at var i ou s  depths f rom a test p i l e  of a bitum i nous coal 
w i th FT-IR and found that ini t i a l ly a carbo xy l i c  acid-type compound was 
formed. Th i s  compound seerns to decompose in a l ater stage of o x i dati on. 
Simi lar e xamina t i on on d i f f erent seam samples by Painter , et al . ,  us ing 
F�-IR suggested the formati on of ester cross-links45• In another 
natural weather i ng study69, it was found that the mai n  process in 
chemi cal weathe r ing \las the form ati on of humic acids by the o x i dati on of 
oxygen su bstance s in the coa l .  
Even though i t  is  not very clear whi ch chemi cal proce sses are 
taking place du r ing oxi dati on, i t  i s  gene ral ly agreed that f ree rad i cal s 
initially attack carbon, most like ly benzylic carbon , form i ng 
hyd roperoxide s ,  which undergo fur the r reacti ons (e.g., deconposi ti on or 
rear rangeman t )  to produce var i ous oxygen conta ining 
nrodu c ts33 , 44 , 46, 57 , 59 , 66 , 67 , 69 � . 
The wor k involved i n  th i s  thesis  i s  to investi gate changes on 
solvent behav i o r  wi th coal r ank and to  fol low the chemi cal change s u pon 
ai r oxidat i on at amb i ent condi t i ons.  Sequent i a l  solvent ext ract i on was 
c a r r ied out on s i x  pr i stine coal s  of diffe rent ranks before and a f ter 3 i r  
1 1 
oxi dati on. The use of different solvents allows the change s on each 
frac tion due to oxi dation to be revealed. Changes in extractabi l i ty, 
ge l per meation ch romatography (GPC) t race s ,  FT- IR spec t r a ,  phenol 
content,  ash ,  swe l l ing,  and elemental analyses were investi gated. 
Possible oxidation products are proposed accor ding to these 
observati ons . 
In summary, the wor k presented i n  th is the sis  can be put into two 
categor ies: 
1 ) . Changes w i th coa l rank 
Si x f resh ,  unoxidi zed coa l s  were ext ra cted under the same 
condi ti ons.  The ext rac tion products (ext racts and resi dues) were 
moni tored by,  if  possibl e ,  ge l per meat ion ch romatography (GPC) , FT­
IR spect roscopy, e lemental analys i s ,  phenol content, a sh content and 
swel l i ng. Change s in the se aspects w i th rank of coal were observed. 
2). Changes upon air ox idati on 
Si x oxidized  coa l s ,  obtained  f rom the fresh coa l s  mentioned above, 
we re ext racted unde r the sane condi ti ons as above. The ext raction 
products  were moni tored by the same methods. Change s in the GPC 
trace,  FT- IR spect rum, e lemental analys i s ,  phenol c ontent , ash and 
swe l l i ng were compared before and after oxidation.  Possible 
products of air  oxi d a ti on are suggested based on these changes.  
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Experimental Section 
Gene ral 
The Argonne Premium coa l sample s  #1 , #2 , #3, #4 , and #5 (cor re spond 
to our #910, #9 20 ,  #9 30, #940 , and #950, respective ly) and Il l i no is 
State Geologi cal Su rvey uni f  orrn sample #5 (our #60 0 )  were k ept as they 
we re received un t i l  the ext racti ons. The oxi dized coa l s  a re the 
ve rsions of th e f resh coal samples bei ng ai r oxi dized under ambient 
cond i ti ons in the labor at ory f or at least four months. Al l coal samples 
we re dried to constan t wei ght at 100°c, 0.1 Tor r ("standard  condi ti ons") 
in a large Abder halden appa rat us. Soxh l et thi mbles we re washed wi th 80% 
MeOH/water (by volume)  and d r i ed to constant weight under standard 
cond i ti ons. Sol vents (except N, N-d i m e thylformamide ) were d i st i l led 
unde r an argon or ni t rogen atmosphere (see pu r i f icat i on of sol vents )  and 
pu rged w i th argon bef ore use .  As mu ch as pos s i bl e ,  oxygen f rom the ai r 
was excluded th roughou t the proce ss except du r ing the wor k-up of the 
oxidi zed samples.  
Soxhlet ex t ra c t i on of an 8- 1 5  gram sample of the coa l s  (ment i oned 
above) , f resh and o x i d i zed, was c a r r i ed ou t under an a rgon atmosphe re 
w i th a ser i e s  of solvents in the orde r: toluene , tet rahydrofuran (':'HF), 
N,N-d i methylf or mami de (DMF), and pyr idi ne, fol lowed by washing of the 
residue w i th 80% methanol/water to re move t ra ce s  of pyr id i ne and DMF*. 
The ext racti on time var ied f or each solvent , depending upon the time 
needed for the appearance of colo r less s i phoning solvent ( s ee Appendi x  
for the ext rac ti on time o f  each coal ) .  
* Except for the reverse s equential ext racti on . 
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The recove red ext ra ct s  and re sidues f rom the solvent exr t ra ct i on 
we re monitored,  i f  pos s i ble,  by GPC, FT-IR, phenol and a sh contents , 
swe l l i ng ,  elemental  analys i s . 
FT- IR spect ra of coal f ractions , as KBr pellet s ( 3 . 0  m g/30 0mg) , 
we re recor ded on a Ni col et 20-DXB Fou r i e r  Inf ra red spect rometer at 2 
cm-1 re solu tion.  GPC ana lyses of coa l  f racti ons at 6.0 m g/mL in 
pyr i d i ne we re pe rfor med on a three-column t r ain of ASI u l t rage l size 
0 
exclusi on columns (100, 50 0 ,  1000 A) u s ing HPLC grade pyr i dine at 1.8 
mL/m in as mobi le  phase w i th ref rac tive index detecti on. Ash content was 
de termined  according to the standard  procedu re ASTM 317 470 • Phenol s  
we re measu red by the standar d acetyl ati on m ethod o f  Blom et  al . 7 1. 
Elementa l analyses we re done in Galbra i th Laborator i e s ,  Inc . , Kno xv i l l e ,  
Tennessee . 
Coal Drying Procedure 
The coa l ,  af ter the wei ght was recor ded ,  was put into a large 
Abder ha lden and vacuu m dried f or one hou r under 0 .1  �or r pressure at 
room temperature.  The Abderha lden containi ng the coa l was then heated 
to l00°c at 0.1 Tor r pressu re f or two hou r s  and cooled down to room 
temperatu re (at least one hour ) .  �he Abde rhalden was f lushed w i th argon 
or nit rogen to let the pressu re inside reach the atmosph e r i c  p re s su re 
before the sample was tak en ou t f or wei gh ing. In or der to obtain an 
accu rate f i na l  wei ght , the coal was d r ied again accor d ing to the 
procedure de scr i bed above unt i l  the wei ght re cor ded was constant . The 
con stant wei ght is def ined as su ch that the weight diffe rence between 
two succe sive t i me s  is  le ss than + 0.1%. I t  usu a l ly took two cycles  for 
the f re sh coal to reach con stant wei ght and two to th ree cycles f or the 
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soluble fractions. The toluene soluble fraction was dried without any 
heat. Residues had to be dried more cycles to obtain constant weight 
than the original coals . 
Moisture Determination 
Moisture is reco r ded as the percentage weight loss before and after 
drying divided by the weight before dryin'). The weight obtained is 
according to the drying procedure described above. 
Storage of Coal samples 
Unoxidized coal and coal fractions were stored in an argon flushed 
desiccator containing calcium sulfate as drying agent. The desiccator 
was flushed with argon for one hour immediately after it had been opened 
for the removal or replacment of samples. Oxidized coal fractions were 
kept in a desiccator with drying agent calcium sulfate. 
Air Oxidation of Coals 
The fresh, unoxidized coals were put into glass recrystalizing 
dishes and covered with Kimwipes. 'i'hey were placed in the laboratory 
under ambient conditions for at least four nonths and were stirred every 
ten days to achieve complete, even oxidation. 
Purification of Solvents 
Toluene 
Toluene was from the middle cut of distillation of commercially 
available reagent g rade solvent from �ldrich. The distillation was 
carried out under an argon atmosphere, and a fraction with the boiling 
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point bet ween 1 10 - 1 1 1°C was col lected. 
Tetr ahydrofuran 
Tet rahydrofuran was disti lled  f rom sodium and benzophenone after 
the soluti on had been heated at ref lux to produce a dark blue color.  
The dist i l lati on was car ried ou t under anitrogen at mosphere. 
Pyr idine 
Pyr i dine was f i rst  dr ied ove r potassium hydrox i de overnight.  The 
solvent was then t ransf e r red to a round bottom (RB) flask and bar ium 
oxide was added. The solu ti on was heated at ref lux f or one hour , 
fol lowed by di sti l lati on over Bao under a nit rogen atmosphe re. 
N , N-dimethyl formamide 
N,N-Dimethylfor mami de was HPLC grade solvent f rom Ald r i ch used 
wi thout fur ther pur i f i c ati on. 
Methanol 
Methanol was reagent grade solvent f rom Ald r i ch used w i thout fu r ther 
pu r if i cati on . 
Ethanol 
Ethanol was dist i l led f rom a m i x ture of 6 0  mL absolute ethanol , 0.5 
g Mg turnings , and a few d rops cc 1 4 or CHC13 (catalyst ) after  the 
m i x ture had been heated at ref lux for one hou r .  
Swe l l ing Measurement 
Coal sample s  (�0. 4 g )  were dr ied to constant wei ght under standar d 
condi ti ons and loaded into a s et of glass tubes of the same s i ze (8 mm 
i nne r di amete r , around 12 c m  long ) unt i l  the coal samples were 
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approximately l. 75 - 2.35 cm in  hei ght .  
The tube s ,  w i th coal samples inside, we re cent r i fuged f or 30 
minute s  at 2,80 0 rpm in  an IEC Cent ra-7 cent r i fuge . The hei ght of the 
coal samples was then measured (cm ) and recor ded (H1). �he samples we re 
loosened up and the swe l l ing sol vents (toluene , pyr i d i ne , and ethanol , 
pur i f ied accor d i ng to the methods descr ibed above ) we re added to the 
coal sample s  by a long syr inge f r o m  the bottom to the top. The swe l l i ng 
sample s  were al lowed to s i t  for th r ee days then cent r i fuged again f or 30 
minu te s  at 2, 8 00 rpm before the hei ght  of th e samples  was measured (H2). 
The ratio of the height a fter (H2) and before (H1) swe l l ing was recor ded 
as Q, the parameter for sol vent swe l l ing (Q = H2/H1). 
Ash Determination 
Ash determinat i ons of coa l s  and r e s i du e s  were per f or med in 
accor d ance w i th standar d procedu re ASTM 317470• A cruci ble was cleaned 
by gen t ly heat ing a solu t i on of 0 . 5 mL of concent rated HCl and 3 mL of 
concent rated h�103 the rein unti l redd i sh brown fumes of N02 we re evol ved. 
The crucible was r insed w i th dei on i z ed wate r .  The crucible was d r i ed to 
con stant wei ght over a Meek er  bu rner (3 hou r s ) , cooled f or 2 minu tes  on 
a f lat porcelain plate and t ransferred to a de siccator f or fu r ther 
coo l i ng and wei gh ing. 
A coal sample of z0.500 g was wei ghed (Wl ) into the dried,  wei ghed 
cruc i ble.  The cruci ble was placed in a cool muf f l e  furance. Heating was 
i nti ated at a thermostat s et ti ng of 35 so that a temperature of 5oo0c 
was reached in one hou r and a tempe ratu re of 75o0c in two hours.  After 
two hou r s ,  the thermostat set ti ng was changed to 30 to mai ntain the 
fur ance tempe rature at 7so0c and the coal sample heated one more hour . 
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The crucible was removed,  cooled on a por ce la i n  plate for 2 minu te s ,  
placed in a de s i cc ator f or fu r ther cool ing and w ei ghed m2>. The a sh 
parameter  was recor ded as the per centage of the weight remaining after 
the heating process : (W 2;w 1> * 100 = % ash. 
Phenol determination 
The method of Blom et a1 . 7 1 for the det e r m i nation of phenol s in 
coal was mod if ied by the e mployment of p-dimethylam inopy r i d i ne 
(catalyst ) in add i t i on to reagents used i n  that wor k .  The coal  f ract i on 
( 0 . 50 0 0- 0 . 2 500 g )  was added to a solu ti on of approx i m ate ly 0 . 1 5  g of .e_­
di methylaminopy r i d i ne (Ald r i ch )  in  10  mL of pyridine (dist i l led f rom 
BaO)  contained in a 1 0 0  mL round bottom f lask. Five mL of d i st i l led 
acet ic anhydr ide was added. The react i on m i xtu re was heated at re flux  
for  6 hours w i th magnetic sti r r ing under argon ,  cooled , and t r an sfer red 
to a cent r i fuge bottle containing 1 50 mL of wate r .  The mi xture was then 
cent r i fuged for 30 minu tes at 2800 rpm in a IEC Cent ra-7 cent r i fuge. 
The supernatant was decanted. The remaini ng re sidue w as washed in  th is 
way two more tines .  The f inal res i due was washed into a 2 50 mL RB f lask 
w i th 75  mL H2o and 2 g of Ba (OH) 2 was added. The mi xture was heated at 
ref lu x  under argon wi th magneti c sti r r ing f or 6 hou r s , cooled, 2 rnL of 
cone. H3Po4 added and 40 mL of the f lask contents di s t i l led and 
col lected. The d i s ti ll ate was tit rated w i th carbonate-f ree NaOH (0. 0 300 
N) using HCl ( 0 . 0 3 00 N) f or back ti t ra t i ons and pheno lphthalei n as 
indi c ator .  Water (40 mL) was added to the d i sti l l ati on f lask to 
ma intai n  the volume of the dis t i l l at i ng m i xture . The process of 
di sti l l ati on and tit rati on was continued unti l there was little change 
i n  the volume of ti t rant used (typical ly 7 to 8 cycl e s ) . The phenol 
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content was calcul ated as fol lowing : 
( VNaOH * NNaOH ) - (# of tit rati ons ) 
* 0.33 
Grams of coal f raction 
meq/g stands f or mi l l i  equivalent pe r gram . 
VNaOH is the total volume (mL)  of NaOH used . 
NNaOH is the nor ma l ity of NaOH . 
= (rneq/g) 
0 . 33  is a n  e mp i r ical coeff i ci ent to cor rect for the t i t ra t i on blank.  
MeOH Wash Procedur e 
---- -----
The sample was put into a centri fuge tube or bot t le ,  depending the 
amount wa shed , and 80% MeOH/water (by volume) was added.  The mixture 
was st i r red w i th a magne t i c  st i r re r  whi le a st ream of argon was purging 
the mi xture . After two hour s of sti r r ing, the mi xture was cent r i fuged 
for 30 m i nute s at 2,80 0 rpm to separate the solvent and the re s i due. If  
the sample amount was sma l l ,  the s epa rati on was per f or med by f i lt rati on 
of the mixture th rough an 0 .4 5  um organic membrane f i lte r .  The coa l  
sample w a s  w a shed again under the same procedure and d r ied to con stant 
we igh t  unde r standar d  condi t i ons.  Absence of sol vent was ve r i f ied f rom 
the F�- IR spect rum. 
GPC Standard Procedu re 
l1.l l eel Pe rmeati on Chromatogr aphy (GPC) ana lyses were perfor med on 
a th ree -column t r ain of ASI ult rage l size  exclusi on columns ( 10 0 ,  500 ,  
0 
1000  A) wi th refractive index detect i on.  A Beck man l lOB pump, a 
Rheodyne 7 1 2 5  in jector , and a diffe rential - ref ractometer f rom Knauer w e re 
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used in the GPC analys is  system.  Soluble f ractions ( 30 mg)  were wei ghed 
into a 5 mL volumet r i c  f las k .  HPLC g rade pyr i d ine was added to mak e  up 
a 5 mL solut ion ,  which was then f i ltered th rough a 0.45 um Nylon-66 
membrane f i lter after the sample was completely dissol ved. The filte red 
soluti on ( 1 0 0  UL) was injected into the GPC column and run at a 
sens i ti v i ty r ange of 4 or 8 ,  on a f low rate of 1 .8 mL/m in us ing HPLC 
gr ade pyr i di ne as mobi le phase. �he data we re col lected into the 
comp.iter program,  recor ded as ref rac tive index ver sus e lu ti on ti me ( 16 
minute s f or r unning ti me ) , and stored on the dis k for furthe r us e. 
FT-IR Standar d  Procedu r e  
FT- IR spect ra were recor ded,  using KBr pel let s ,  o n  a Nicolet - 20DXB 
Four ier  Inf ra red spect rom ete r .  The pel l et was made f rom 3 mg coal 
f r acti on and 300 mg  KBr , whi ch were ground in a Wig-L-Bug (placed in a 
nit rogen f l ushed glove bag) f or 45  seconds.  �he pel let  was made by 
pressing under a pressure of 1 0 0  l bs/sq. inch for one minute and unde r 
an increased pressu re of 60 0 0  lbs/sq. inch f or another  th ree m inutes 
under a vacuum in a 1.3 cm diamete r  pre ss.  
The pel l ets were dr ied in the Alde r halden for one hour under 
standar d  condi t i ons and stored in a de s i ccator before running the 
spect ra.  The spect ra we re recor ded , as absorbance, at the r ange of 500 
- 4 0 0 0  crn-1, at a re soluti on of 2 cm- 1 , col lecting 50  scans at a gain  of 
1, 2, 4 or 8, depend ing on the a l i gnment power f or the indivial  sample. 
Sequentia l  Ext r action of #60 0  Unox i d i zed Coal 
Dry # 6 0 0  coal ( I l l ino is #6 high vol ati le bitu m i nous coal ) ,  8 . 3 999 
g, was put into a MeOH/wate r-washed,  dry Soxh let th i mble whi ch was then 
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placed inside a Soxh let extra ctor . The toluene solvent (ar ound 120  mL) 
was purged w i th argon f or 40 minutes before use .  Hal f  of  the solvent 
( 60 mL) was added to a 1 20 m L  RB flask containing glas s beads as bo i l ing 
chi ps.  The o ther half of the solvent was added to the coal  in the 
thimble and al lowed to s i phon into the RB flask.  The coal was sti r red 
to a l low f or swe l l ing and to remove ai r f rom the coa l .  The system was 
f lushed w i th ar gon and was kept unde r an ar gon atmosphere th rough the 
rem ai ning ext racti on p r oce ss.  Two,  2L RB f lask s were attached to the 
i ner t gas system as bal l ast tank s ;  othe r w i s e  when the Soxhlet apparatus 
cycled,  a i r  was sucked back into the system th rough the o i l  bubbler at 
the gas e x i t .  The solvent w a s  heated unt i l  a s i phon r a t e  o f  1 siphon/30  
m in was ach ieved. 
After two days ext ract i on ,  the s i phoni ng tol uene sol vent was 
color less.  The ext ractor was cooled to room tempe rature and the solvent 
i n  the RB flask  re moved and replaced wi th the ne xt purged sol vent (THF , 
1 20 mL) . A sma l l  amount ( 0 . 1 036 g )  of  the resi due after  toluene 
ext ract i on was removed for prepar i ng an FT- IR pe llet before the THF 
ext racti on began.  The ext racti ons for the next  two solvents ( DMF and 
pyr i dine )  were car r ied out in the same way. A sma l l  amount of the coa l 
residue after  each solvent ext racti on was removed and prepa red f or FT- IR 
analysi s .  Ext ra ct i on t i me f or THF , DMF , and pyr i dine was two days ea ch. 
The f i nal resi due in the thi mble was ext racted w i th 80% MeOH/water in 
the the Soxhlet appara tus for two t i me s  at 2 hour intervals  to re move 
traces DMF and pyr i d i ne .  The resi due was then d r ied to constant weight 
under standar d  cond i t i ons.  
The e x t ra ct s  were membrane f i ltered th rough a Nylon membrane AP 
prefi lter and a 0 . 45 um membrane f i lter .  The bulk of the solvent was 
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re moved by rotary evapor a t i on and the product was dr ied to constant 
wei ght under standar d condi ti ons.  The DMF and pyr i d ine f racti ons we re 
washed by st i r r i ng in 80% MeOH/water th ree t i me s  f or 2 hou r s  each w i th 
argon purg i ng ,  recove red by f i l t r ati on th rou gh an 0 . 45 um org anic 
f i l te r  and dr ied to const ant wei ght unde r standard condi t i ons.  A scheme 
of the ext racti on procedu re is shown on page 31 in the Re su l ts and 
D i s c u ssion sect i on. 
Sequential Ex trac tions of Unox idi zed And Ox idi zed Coal s # 9 1 0 ,  #9 1 1 ,  
#920, #9 21,  #9 3 0 ,  #93 1 ,  #940, #94 1 , #9 5 0 ,  #951 And #6 0 1  
Ext ra ct i on s  of these coa l s  were car r ied ou t w ith the same 
pr ocedu res as descr ibed abou t #600 coal except no residue was re moved 
af te r  each solvent f or FT-IR pe llet s .  
Reve r se Sequent ial Ext r ac t i on o f  #6 0 0  Coal 
All the procedu r e s  de scr i bed above are appl i able to the reve r s e  
sequential solvent ext racti on e xcept f o r  the or der o f  the solvents used. 
In reve r s e  sequent i a l  e x t ra ct i on solvents used wer e  in the or de r of 
pyr i d i ne ,  toluene , THF , DMF ,  and fol lowed by 80% MeOH/water wash.  
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Results and Discussion 
The Char ac te r i st i c s  of Coals unde r Study 
Coal samples unde r study are f rom Argonne Nati onal Laboratory 
(#910, #920 , # 9 30 ,  #940 , #950 )  and Illinois State Geologi cal Su rvey 
(# 600) r e spec tively. The prem ium coal sample s  ( # 9 10 ,  #920 , #9 30 , #9 40 , 
#950) f rom Argonne Nat i onal Laboratory are we l l selected , col lected , and 
prepared. They we re m i ned , t r anspor ted, pr ocessed into the desi red 
parti cle and sample size s , and pack aged into envi ronments as f ree of 
oxygen as pos s i ble.  Hu m i d ity was also to be cont rol led to keep the 
coal s as pr i s t ine and in as stable a cond i t i on as poss ible. They serve 
as the standards f or compa r ison and c or re l ati on in coal s c ience 
research 7 2• The uni f or m sample (#600) f rom Il l i no i s  State Geological 
Survey is another versi on of coal #9 30 ; bu t it w as not prepared under 
the same cond i t i on s  as Ar gonne prem i u m  coal samples. Al so, it  is 
thought to be not as we l l protected f rom oxygen as #9 3 0  coa l .  The 
premium coal samples are kept in br own ampu les ( 5  grams each ) ,  sealed 
under an argon atmosphere.  Coal #600 is k ept in  a sealed pa int c an (100 
g ) .  As soon as it was opened ,  it was store d i n  an ar gon f lushed 
desiccat or. The sou rces of the samples are summar ized in Table 1. The 
e lemental analyses of these coa l s  and the oxi di zed ver s i ons are shown i n  
Tab l e  2. 
As seen in Table 2 , the carbon content increases in the or de r  of 
#920, (#600) #9 30 , #940, #910, #9 50 ;  the r ank of the coa l s  increase s  in 
this direct i on as we l l .  Hith increas i ng rank , oxygen content decreases. 
The oxygen content of coa l s  presented in th is  thes i s  is calcu l ated by 
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Tabl e  1 Sources of the Coal s  Studieda 
--- -
Sample Me sh seam Loc ati on A..nd Time Col lected 
# 9 10 - 100 Upper Freepor t Near Homer Ci ty , Pennsylvania 1/ 1 9 8 5 
# 9 20 - 20b 'dyodak 6 mile s N . E .  of Gi l l ette , Wyoming 10/ 1985 
# 9 30 - 100 IL # 6  6 0  mile s S . E .  of St . Lou is ,  IL 1 2/ 1 9 8 5  
# 9 40 -100 Pittsbu r gh # 8  60 miles s .  W .  o f  P i ttsbu r gh , PA 3/ 1986  
# 9 50 -100 Poc ahontas # 3 Buchanan county , Virginia 6/ 1 9 8 6  
# 600 - 200 IL # 6  60 mi les S . E .  of St . Lou i s ,  IL 1 2/ 198 5 
a Inf ormati on obtained f rom ref . 7 2 ,  7 3  e xcept f or coal # 6 00 
b Coal # 9 20 i s  too wet to be grou nd to - 100 me sh . 
Table 2 Elemental Analyses ( daf ) of Coal s  Studieda 
Sample Type %C %H %N % S %0 ( diff ) 
# 9 10 MVBit 8 6  5 . 3 1 .  9 2 . 8  4 . 0  
# 91 1  oxi ab 7 4 . 4 9 4 .  7 7  1 . 3 6 2 . 6 7 1 6 . 7 1 
# 9 20 Subbi t  7 4  5 . 1  0 . 4 0 . 5 20 . 0  
# 9 21 Ox i db 63.  5 5 . 1 9  0 . 6 8  0 . 2 6  30 . 3 7 
# 9 30 HVBit 79  5 . 6 0 . 3 5 . 4 9 . 7  
# 9 3 1  OXidb 6 4 . 90 4 . 98 1 . 1 6  4 . 59 24 . 3 7 
# 9 40 HVBi t  8 3  5 . 5  1 . 6  
# 94 1  Oxi db 7 4 . 9 3 5 . 3 2 1 . 3 8 2 . 04 1 6 . 3 8 
# 9 50 LVBi t  8 9  4 . 8  2 . 1  0 . 9 3 . 2  
# 9 51 Oxi db 8 5 . 9 4  4 . 7 5 1 . 1 3  0 . 2 1  7 . 9 7 
# 6 00 HVB i t  7 7  . 15 5 . 3 6  1 .  50 5 . 6 5  10 . 3 4  
# 6 01 Oxi db 6 2 . 1 7 4 . 80 1 . 1 2 4 . 35 27 . 56 
a Elementa l ana lyses of f re sh coa l s (except # 600)  are fu rnished by 
Argonne Nati onal Lab ; # 600 by Il lino i s  S tate Geological su r vey. 
b Air oxidi zed of the pre v i ou s  coa l ,  room temperature ,  4 months ,  data 
f rom Gal brai th Lab Inc . , Knoxv i l le . TN 
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diff erence , that is , by subt racting f rom 1 0 0% the values for daf (dry 
ash f ree ) percent carbon , hyd rogen , nit rogen , and su l fu r .  7hu s ,  a l l  the 
e r ror s incu r red in the other det e r minat i ons a r e  combined in the oxygen 
value. Hence, the oxygen content is the lea st re l i a ble one. 
Ai r oxi dati on led to a dra mat i c  i ncreas e i n  oxygen content and a 
signi f i c ant decrease in c a r bon content ( as seen i n  Table 2 ) . Th i s  has 
been observed by many inve st i gator s as men t i one d in the int roduc t i on 4 4• 
It is r epor ted that the compl ete oxi dati on of coal c an be achieved 
w i th i n  2 months 4 4 • In ou r studie s ,  coa l s  were  al lowed to oxi d i z e  f or at 
least fou r  months to a s su re compl ete ox i d ati on. �a ble 3 gives some 
other data on coa l s  before and after oxidat i on. Ash and mo isture values 
Sample # 
# 9 10 
# 9 1 1  
#9 20 
#9 21 
# 9 30 
# 9 3 1  
#940 
# 9 4 1  
# 9 50 
# 9 5 1  
# 6 00 
# 601 
Table 3 Phenol , l 1o i stu r e  and Ash Content 
Phenol 
(meq/g )  
7 . 8 3  
11 . 54 
9 . 27 
11 . 30 
9 . 75 
6 . 54 
9 . 3 2 
2 . 2 6  
2 . 3 1 
6 . 6 5 
1 2 . 75 
Mo i stu re 
wt % 
1 . 01 
o .  7 7  
27 . 70 
8 . 05 
8 . 45 
2 .  7 1  
2 . 3 5 
1 .  47 
0 . 6 6 
0 . 5 3  
6 . 6 2 
3 . 10 
Mo i stu re 
Repor te da 
0 . 8 5  
28 . 7  
8 . 8  
1 . 8  
0 . 7 
9 . 1  
Ash 
wt %b 
1 2 . 7 1  ( 0 . 1 6 )  
1 7 . 6 7 
9 .  7 6  ( 0 . 1 4 ) 
1 0 . 1 6 
14 . 8 1 ( 0 . 28 ) 
1 6 . 9 0 
10 . 68 ( 0 . 1 2 )  
10 . 06 
5 . 1 4 ( 0 . 09 )  
4 . 2 2 
1 6 . 70 { 0 . 3 2 )  
1 8 . 9 0 ( 0 . 10 )  
Ash 
Repor tedc 
13 . 1  
9 . 8  
1 6 . 2  
9 . 3  
4 . 9  
17 . 75 
a Repor ted mo i stu re values a re obtained f rom ref . 7 3  except f or #600. 
b values i n  { ) repre sent + or - va lues . 
c Repor ted ash values a re obtained f rom ref .  7 3  e xcept f or # 600 whi ch i s  
prov i ded b y  Il l i no i s  State Geologi cal Su rvey . 
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avai lable f rom other l abor a tor i e s  are al so pre sented for compa r i s on.  
The resu l ts show good ag reements. 
It is obser ved that the moisture conten t ,  for both f resh and 
oxi d i zed coal s ,  dec reases w i th increas ing coal r ank.  F i gu re 4 shows how 
this quanti ty changes w i th rank . Coal # 6 0 0  is not included because of 
the d i fference in prepa rati on f rom the Argonne coal samples. Bo th 
cu rves f ol lo w  a s i m i l ar pattern.  High moisture i s  conta i ned i n  # 9 20 
subbitu rn i nous coa l .  The cu r ve f or the f resh coa l s  i s  very c lose to the 
one repor ted by Ber kowitz 7 4• In h i s  f igu re there is a small  increase in 
mo i stu re content after coal i s  above 90% c a r bon. 
Moisture is an i mpor tant element in both coal u t i l i zation and 
character i z ati on. It is gene rally agreed that the water in coal i s  
hydrogen-bonded t o  the oxygen fu nc t i onal groups on the su rf ace o f  coa1 75• 
Schafer has identif ied c a r boxyl i c  acid groups ,  par ticu l a r l y  in the 
salt for m ,  as the most s i gni f i cant hydr oph i l i c  s i te f or w ater sorption ,  
w i th the pheno l i c  hyd roxyl groups mak ing a lesser cont r i bu ti on75• 
Recently Hippo repor ted that the bound water i s  p ropor ti onal to the 
carboxyl g roup content of the coa1 76 . 
It i s  k nown that low rank coa l ,  e.g. , subbituminous coa l , has h i gh 
carboxyl content.  Blom and h i s  co-wor k e r s  found at c a r bon pe rcentage s 
of 6 5 . 5 ,  7 2 ,  7 6 a n d  8 0 % , c a r bo xy l  o xyge n  c on ten t s  were 8 . 0 ,  5. 1 , 1 . 6  a n d  
0. 3%,  respective ly. At 8 3% c a r bon a l l  carboxyl g r oups have 
di sappeared 7 7  Thus ,  the eff ec t s  of bou nd water are more profound i n  
lower r ank coal . Th i s  gives an expl anati on for the h i gh mo i stu re 
content in # 9 20 coal s ince i t  i s  a lo w rank subbi tuminous coal 
containing m any carboxyl g roups. It is a l so pos s i ble that for low r ank 
coal some of the water is  re leased by ther mal decomposi t i on du r i ng the 
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dry ing proc e ss.  The decr ease  i n  mo i s t u re in h i gher c arbon content coa l s  
is due to the fewer hyd roph i l i c  s i te s  avai lable for w a t e r  b inding.  
The loss of mo i s t u re in  oxi di zed coal i s  ve ry l i k e ly the r e su l t  of 
exposu re of the coal sampl e s  to the atmosphe re.  Since the f re sh coal 
sample s  were prepared as pr i s t i ne as they were in  the coal sea m s ,  the 
mo i sture content in  these sampl e s  represents the a mount of water that a 
coal w i l l  hold when fu l l y  saturated at nea r l y  1 0 0 %  r e l a t i ve hu m i d i ty (as 
i n  an und istu rbed seam ) and thus it reflects the total pore volume of 
the coal acce ssible to mo isture 74• I t  has been observe d  that some of 
th is mo i stu re w i l l  be lost when the sample i s  exposed to the 
atmosphere 7 4• Another pos s i bi l i ty for the los s  of mo isture in oxidi zed 
coal samples m i ght be due to the increased phe no l i c  hyd roxyl upon 
oxidati on , as d i s cussed by Schafer (ment i oned above ) . These pheno l i c  OH 
groups w i l l  compete for the b ind ing s i te s  w i th mo i st u r e  in ai r ,  lead ing 
to the decrease of wate r absorpti on.  
Blom 77 repor ted in 1960 that the phenol i c  OH , r.ieasu red by the 
standa r d  acetylat i on , rema i ned a l most constant f or coa l s  in the range of 
70 - 80 wt %  C and decreased rapi dly after  8 3% c. The re was on ly 1 . 9 %  
pheno l i c  OH when coa l  i s  8 8 .6% c. Other inve st i gat i ons conf i r m  the se 
r e su l ts as the re i s  a good ag reement w i th values ob tained by t i t r a ti on 
w i th sodium ethoxi de , t r i methyls i lylat i on and deu te r i um e xchange 7 7• A 
plot of phe nol i c  OH ve rsus c a r bon content is shown in F i gu re 5. A 
s i m i lar patter n  to that f ound by Blo m i s  observed ; howeve r ,  the 
cor re spond ing carbon content is  s l i ghtly higher in ou r case.  Th i s  i s  
ve ry l i k e ly d u e  to t h e  di f f erence bet ween t h e  t wo bas es chosen f or the 
carbon content even though it i s  also pos s i ble to r is e  f rom expe r i mental 
e r ror s. In sp ite of th i s , i t  is  clear  that the phenol i c  OH remains 
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alnost constant and d rops ve r y  qu ickly w i th h i gher carbon content . 
As seen in Table 3 and in  F i gu re 5 ,  ai r  o x i d ati on tends to increase 
the phenol i c  OH content . Howeve r ,  the corre la t i on w i th coal r ank doe s 
not seem as cl ear as that f or f re sh coal s ;  yet a cor re l a ti on si m i lar  to 
the f re sh coa l s  i s  st i l l observed.  Det a i led  d i s cu s s i on w i l l  be 
pre sented l a t e r .  
Ash i s  the re s i due de r i ve d  f rom the m i ne r a l  matter  du r ing complete 
inc i ne r a ti on of the coa1 78 • The d a t a  in  Ta ble 3 shows that the a sh 
content i s  gene r a l ly h i gher in re s i due and lo wer i n  the or i ginal coa l .  
Th i s  c an b e  read i ly expl -:l i ned by the f a c t  t h .i t  t h e  e x t ract on ly contains 
a sma l l  percentage of ash ; thus leading to a h i gher  ash content in 
residue . 
Ther e  i s  no cor re la t i on ob served bet ween rank and ash content nor 
be t ween oxidati on and a sh content. The content and the color vary f rom 
coal to coa l due to i ron content ; howeve r the ash of # 9 2 0  can be eas i ly 
di s tinqu i shed f rom o the r s  by i ts more ye l low i sh color.  I t  i s  k nown that 
the composi t i on of the coa l ash var i e s  w i de l y, depending on the mine r a l  
con s t i tu ents assoc i ated w i th the coa1 78 • The r andom d a ta in a sh a re 
most ly due to th i s  re ason. No fu r ther  ef for ts were made in th i s  thesis 
to inve sti gate the compo s i ti on of ash. 
Changes of Ex t r ac t abi l i ty with Rank and upon Ox i da t i on 
Sequential solvent ext rac ti on was c a r r ied ou t on bo th f re sh and 
oxi d i zed coa l s .  The fou r  sol vents used we re toluene , 'l'HF,  DMF , and 
pyr i d ine .  A s cheme of ext racti on of # 6 0 0  coa l  is shown on the nex t  
page . In th i s  # 6 0 0  coa l ext ra ct i on ,  a s m a l l  amount o f  t h e  r e s i due afte r 
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SCHEME FOR SEQUENTIAL SOXHLET EXTRACTION 
Coal # 6 0 0  8 . 3 9 9 9  g 
Tolu ene 1 2 0  mL 2 Days 
Toluene Insol 'I'oluene Sol 8 . 4 7  % 
'I'HF 1 20 mL 2 Days 
THF Insol THF Sol 6 . 16  % 
DMF Insol 
DMF 1 2 0  mL 2 Days 
8 0  % I 1eOH Wash 
DMF Sol - - - - - - - - - - - - - - - -· 6 . 0 9  % 
3 * 2 Hr 
Py 1 2 0  mL 2 Days 
8 0  % MeOH Wash 
Py rnsol Py Sol ----------------� 
2 * 2 Hr 
1 .  7 2  % 
Resi due 
75 . 52 
8 0  % MeOI:-I 
2 * 2 H r  
MeOH Sol ( < 0 . 2  % )  
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Total Solu bl e : 2 2 . 4 4 % 
To tal Recovered : 97 . 9 6 % 
each sol vent ext ract i on was re moved f rom the th i mbl e ,  dr ied and prepared 
for the FT- IR pe l l e t .  After conf i r m ing that no no ti ceable change s  were 
found i n  th ese FT- IR spect ra , other coal sampl e s  were e x t ra cted w i thou t  
remov ing sma l l  a mount residue f o r  prepar i ng FT- IR pe l l et after  each 
solvent ext ra ct i on. The e x t racti on re su l ts are summar i zed i n  Table 4. 
The col loi dal m ate r i a l ,  i f  any, col lected on the f i l t e r  f rom the 
f i lt rat i on of the ext racts i s  counted as pa r t  of the r e s i due.  From 
other e xpe r i ments done in ou r lab,  o x i d i zed sample s  u su a l ly have more 
col lo idal mate r i a l  than do f re sh coa l s amples.  Howeve r ,  among the s i x  
coa l s  in th i s  study, on ly the DMF solu ble f ra c ti on f rom f r e sh coal # 9 40 
contai ns not i ceable col lo id.  None of  the  other sample s contai n  col lo i d  
t o  a s i g ni f i c ant deg ree.  No expl anati on i s  g i ven for the appear ance of 
collo i d  i n  f re sh D!1F solubl e f r a ct i on. 
Measu red by Gu tmann ' s  method 3 7 , the donor numbe r s  ( DN) for THF , DMF 
and pyr i d i ne are  20 .0 , 2 6 . 6  and 3 3 . 1 , r e spe c t i ve ly ;  w h i l e  the accept or 
munbe r s  ( AN )  a r e  8 . 0 , 1 6 . 0 a n d  1 4 . 2 ,  r e spe c t i ve l y .  The DN a n d  AN a r e  
the qu anti tative measu re of the e l ect r on-donor and -acceptor prope r ties  
of the solvents.  No  value  i s  avai lable f or toluene ; howeve r , i t  c an be 
a s su med that the DN and the AN are c lose to those of benzene ( DN : 0 .1 ;  
AN :  8 . 2) s i nce toluene i s  s i m i lar  to benzene f rom m any aspects.  Mar zec 
has observed the cor re l a ti ons bet ween the ext ract y i e l d  and the DN, and 
the d i f f erence of DN and AN ( DN - AN) 3 6 ( a ) . The e x t ra ct yie lds tend to 
i n c rease w i th increas ing DN or DN - AN. Thus,  the ext rnctabi l i ty, 
for the solvents we used, is i n  the or de r  of toluene , TH F ,  DMF and 
pyr i d i ne * . Al so, every succe ss i ve solvent shou l d  d is solve everyth ing 
* I t  is  not necessary in s equential  ext racti on that pyr i d ine g i ve s  the 
h i ghe st yie ld bec au s e  par t  of the soluble mate r i a l  has been e x t r a cted 
by the previous solvents . 
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Table 4 sequent i al Solvent Ex t r ac t i on Re su l t s  
Sample # 
# 9 10 
# 9 10a 
# 9 1 1  
# 9 20 
# 9 2 1 
# 9 3 0  
# 9 30a 
# 9 3 1  
# 9 40 
# 9 4 1  
# 9 50 
# 9 5 1  
# 6 0 0 f 
# 6 0 1  
R6 o og 
% Tol 
SOL 
0 . 5 2  
0 . 6 5 
1 . 1 2  
2 . 1 6 
2 . 3 5 
6 . 9 4  
7 .  2 3  
5 . 1 8 
5 . 8 0 
5 .  7 2  
0 .  40 
0 . 3 7 
8 . 4 7 
4 . 7 5 
0 . 18 
% ':'HF 
S OL 
0 . 14 
0 . 1 9 
0 . 19 
1 . 3 8  
0 . 97 
8 . 0 5  
7 . 4 5 
5 . 0 8 
8 .  ]8 
7 . 7 8 
0 .  24  
0 . 3 7 
6 . 1 6 
4 . 1 5 
0 . 0 1 
% Dt 1F 
S OL 
8 . 97 
1 2 . 6 3  
1 7 . 3 7  
1 .  7 6  d 
1 . 5 2 
1 1 . 1 4 
1 1 . 6 7  
7 . 3 8 
10 . 3 5  
1 0 . 9 7 
0 . 2 5
b 0 . 4 8 
6 . 0 9 
6 . 5 2 
0 . 4 3 
a Repeat s equ en t i a l  e x t rac ti on 
% PY 
S OL 
1 1 . 2 4  
7 . 5 6 
1 . 4 5  
b 
0 . 3 4b () .  5 4  
b 0 . 6 8  
1 . 0 3 
0 . 5 4 b 
0 . 6 4 
1 . 1 8 
() .  3 0b 
b 0 . 2 8 
1 .  7 2  
() . 2 4  
2 2 . 1 7 
r;:'OT.l'\L 
% S OL 
2 0 . 8 7  
2 1 . () 1 
2 0 . 1 3  
6 . l lc 
8 .  9 5e 
2 6 . 8 ?. 
2 7 . 3 8 
1 8  . 1 8 
7 4 . 9 7  
2 5 . 6 5 
1 . 1 9 
1 .  5 0  
2 2 . 4 0  
1 5 . 6 6 
2 2 . G O  
b No R O% MeOH/wat e r  wash due t o  i n suffi c i ent s ample 
9-0 
RE S ID 
7 8 . 1 6  
7 7 . 7 1  
7 6 . 3  3 
9 1. 8 0  
8 6 . 8 6 
7 5 . 4 4  
75 . 5 9 
8 4 . 7 9 
75 . 9 5 
7 3 . 6 6 
100 . 18 
9 6 . 3 0  
75 . 5 2 
8 3 . 1 7 
7 4 . 8 5 
c The tota l  solu bl e include s 0 .  4 4 %  f 1e OH wa sh f rom the re s i due . 
d ':'here is 1 . 20 %  r e cove r e d  f rom 8 0 %  t 1e OH wa sh from DtlF solu bl e . 
e The re is  0 . 3 7 % re cove red f rom 8 0 %  Me OH wash f rom re s i du e . 
% MAT 
BAL 
9 9 . 0 3  
C'J 8 . 7 4  
9 6 . 4 6  
9 7 . 9 1  
9 5 . 8 1 
1 0 2 . 2 6  
1 0 2 . 9 7 
1 0 2 . 9 7 
1 0 0 . 9 2 
9 9 . 3 1 
1 0 1 . 3 7  
9 7 . 8 0 
97 . 9 6 
98 . 8 3 
97 . 6 0 
f Re su l t s  are r e c alcu l ated as i f  no l i t t le re s i du e  were re moved 
a fter each solvent e x t r a c t i on ( or i g i na l  d ata shown in Append i x  b ) . 
g Reve r s e e x t ra ct i on , solvent or de r : pyr i d i ne , toluene , THF , DMF 
d i ssol ved in p rev i ou s  s o l v e n t s . �o p r ove th i s , a reve r s e  s equ en t i a l 
e x t ra ct i on was car r i e d  ou t .  Coa l # 6 0 0  was e x t ra cted u nde r the stan da r d 
ext rac ti on condi ti ons bu t  the or der of the sol ven ts used w a s  changed . 
Instead of tolu ene , ':'HF,  D�iF and py r i d i ne ,  the or de r f or reve r s e  
ext rac ti on was pyr i d i ne ,  toluene ,  THF , D M F  and f o l lowed by 80% MeOH 
wa sh.  As e xpected, py r i d i ne e x t ra ct y i e l d  r e p re sen t s  9 7% of the total  
soluble f rac ti on ( as s e e n  i n  Ta ble 4 :  R6 0 0 ) . ':'he to tal ext racts f or 
# 6 00 sequ ent i a l  and # 6 0 0  r e ve r s e s equ ent i a l  e x t ra ct i on s  a r e  v i r tual ly 
3 3  
the same. Thi s  indi cate s that  the orde r  of solvent e x t ra ct i on doe s not 
ch ange the to tal  yield  and that the total yield  of the extracti on is 
equ ivalent to that of pyr i dine i n  a s ens e of weight.  Thu s ,  by u s ing the 
solvents in the or der of increas ing extractabi l i ty,  diffe rent f racti ons 
\l i th d i f f erent molecular weights were extra cted f rom coa l s ,  hence 
separated. Thi s  prov i de s  a way to get more insi ght i nto the coal 
structure.  Change s upon ai r oxi dati on are eas i e r  to reveal s i nce in 
stead of moni tor ing the total soluble f racti on , smal ler  f racti ons are 
moni tored . 
To fu r ther prove that the ext ra ct i on re su lt s  are reproducibl e  unde r 
cu r rent procedu re s ,  repe at expe r i ments were c a r r ied out on coa l s  # 9 10 
and # 9 3 0 .  Re su l t s  show good agreements on the total ext ract yie ld and 
mate r i al bal ance .  The s l i ght var i ati ons in each solvent ext ract yield  
for coal  # 9 30 are  w i th i n  the expe r i mental er ror s.  Th e  signi f i cant 
d i ff e rence s of DMF and pyr i d ine y ie lds for coal # 9 10 between the two 
ext ract i ons are due to i nsuf f i cient t i me f or Dr�F to complete the 
ext rac ti on in the f i r st expe r i ment. Neve r theless ,  the reprodu c i ble  
r e sults  on  total  e x t ract i mply, more  or less ,  that complete extract i ons 
are  achieved in s equent ial  ext rac ti ons.  Fu r ther evi dence has been 
obtai ned by re -e x t racting the re s i due f rom coal # 60 0  reve r s e  ext ra ct i on 
u s ing pyr i d i ne as solvent. Only an addi ti onal 0 . 75% pyr i dine ext ract 
was recovered in th is  exper i ment.  
Solvents retained i n  the ext racts and r e s i dues  after evapora t i on 
tu rn ou t to be a proble m  in solvent ext racti on.  DMF and pyr i d i ne are 
ext re me ly di f f i cu l t  to re move. Col l ins 79  has repor ted that up to 1 1% 
pyr i d i ne i s  retained in I l l i no is # 6  coal , whi ch c an not be re moved in 4 8  
hou r s  unde r h i gh vacuum ( 0 . 1 3  Pa ) .  We have also found that the 
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retained DMF and pyr i dine can not be compl et e ly re r:ioved by repea ted 
vacuum drying under standar d cond i ti on s. �he cha r ac te r i sti c absorp t i on 
bands of DMF and pyr i dine can be e a s i ly i den t i f ied f rom F?- IR spe ct ra . 
DMF shows peak s at 1 6 6 2 and 1 3 8 6  cm- 1 an.a py r i d i ne at 1 537 , 14 8 5 , 1 2 5 3 , 
7 5 0  and 6 5 0  cm-1• 80  Squ i re s ,  et a l . ,  h ave u s ed supercr i t i cal carbon 
d i o x i de to compl ete ly re nove the py r i d i ne f ro m  the ext racts and 
residues 2 7• Cooke repor ted that py r i d i ne c an be succe ssfu l ly re moved 
from ext racts and re si due s , by he at ing at a p r e s su re of 1 . 3  KPa at 9 0°c 
for 3-5  hou r s 8 l (a ) . Large volume s of 1 0%  HCl or 5% THF in w a t e r  have 
a l so been used to r e move pyr i d i ne ,  but no t mw 8 0 •  The most ef f i c ient 
wash i ng procedu re to re nove DMF we have f ou nd is t o  use seve r a l  sma l l  
por ti ons of 80%  (v/v ) Me OH/w a t e r  fol lowed by d ry ing to  constant wei ght 
under standar d cond i t i ons.  The cho i ce of 8 0 %  MeOH/water m i xture fal low s  
f r o m  the high wet t ing r ates o f  coal in  Me OH/ w � t e r  an d  the large he at of 
imme r s i on of coal in neth anol  compared w i th var iety of other 
solvents8 l ( b ) . 
The e lenenta l  analyses and FT- IR spec t ra for an I l l i no is Rive r King 
No. 6 coal (C- 1 0 0 7-4-1 )  containing DMF bef o r e  u.nd a fter w a sh i ng are in 
Tabl e 5 and F igu re 6 ,  re spec t i ve ly. The d e c r e a s e  i n  ni t rogen content 
after 80%  M e OH/w at e r  wash f rom e lemental ana lyse s ,  together w i th the 
loss of the sharp peak at 1 6 6 2  c m- 1 c h a r a ct e r i s t i c  of DMF in the FT- IR 
spect ra proves the r e noval of DMF f r o m  the ext ra c t and the residue.  FT­
IR spect ra f or e x t ra ct i on re s i due  f rom n i v e r  K i n g  coal # 7 0 0 (not 
included in th is  study) containing DMF and py r i d i ne are shown in Figu re 
7. Peak s characte r i s t i c  of DMF and pyr i d i ne are lo st after wash i ng. 
The removal of DMF unde r su ch m i l d  cond i ti on s  sugge sts that the bind ing 
of DMF , and possibly py r i di ne ,  to coa l s  and r e s i dues may be a su rf ace 
3 5  
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F igure 6 .  FT- I R  s pec tr� of OMF extract  from coa l 1 007-4- 1 :  ( a ) co nta i n i nq 
DMF , ... . sol vent a bsor p t i o n  ba nd s ;  ( b ) after  nm� McOH/wa ter wa s h .  
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Figure 7 .  FT- I R  spec tra of res idue  from coa l 700 : (a } conta i n i ng DMF a nd 
PY , ... = sol vent absorpti on  bands ; { b )  after 80% MeOH/wa ter wash . 
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eff ect. The recove red MeOH/wate r wash is usu ally very s l i gh t ly 
ye l low i sh in color and less than 0 . 2% in weight a fter d ry i ng.  However , 
MeOB/water washe s recovered f rom sample s  of coal # 9 20 are mor e  br own i n  
color and give u p  t o  1 . 20% recovery in w e i gh t .  The recove red m ate r ial  
seems like c l ay in color .  No fu r ther effor ts have been made due to the 
insuffi c iency in amou nt. Oxi d i zed samples bind DMF and pyr i d i ne more 
t igh t ly than do unoxidi zed sample s. I t  i s  reasonabl e to conclude that 
the increased pheno l i c  hyd roxyl groups , or possi bly o ther func ti onal 
gr oups , in  oxidi zed sampl e s  cont r i bu te to the t i ghter binding of 
solvents in these  samples.  
Sample 
Coa l 
DMF Sol 
Re si due 
Table  5 Elemental Analyses of Coal C-1 0 0 7- 4- la , b  
% c ( No wash ) 
7 2 . 07 
77 . 6 5 ( 78 . 7 7 )  
6 5. 1 6  ( 7 2 .63) 
% H ( No Wash ) % N ( No Wash ) % S ( No Wash ) 
5 . 5 7  1 . 1 2  3 . 3 3  
5 . 71 ( 6 . 3 1 )  1 .  7 7  ( 1 .  99 ) 2 . 8 5 ( 2 . 47 )  
5 . 3 1 ( 5 . 6 7 )  1 . 68  ( 2 . 1 6 )  4 . 25 ( 3 . 9 7 )  
a Thi s  coal was ext racted with DMF on ly . 
b values in ( ) a re those before 80%  MeOH/water wash ,  analyzed by 
Galbra i th Lab Inc . , Knoxv i l l e , TN .  
Usi ng the data given i n  Table 4 ,  a graph of extractabi l i ty ver sus  
ca rbon content was plotted in Figu re 8 .  I t  c an be seen that the ext ract 
yields of both f re sh coa l s  and oxi di zed coa l s  are rank dependent .  As 
the coal r ank increases,  the t o tal  ext ract yield  inc rease s f i r st ,  
reache s a max i mum point , and f a l l s  of f dramati cally w i th h i gher rank 
coal .  For  the f re sh coal s ,  the total  ext ract yields  increase f rom 6 . 11% 
( * 9 20 ,  7 4% C) to a maxi mum of 27 . 3 8 %  ( # 930 , 79%  C) , and reduce rapidly 
to 1 . 19 % ( # 9 50 ,  89% C) . These seem cons i stent w i th what Dryden has 
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Fi gure 8 . Extracta b i l i ty versus  carbo n  content 
A Tol uene extra ct  y i e l d s  of  fres h coa l sampl es . 
• THF extract  y i e l ds of  fres h coa l  samp l es 
• DMF extra c t  y i e l ds  of  fres h coa l samp l es 
• Pyr i d i ne extrac t  y i e l ds of fres h coa l sampl es 
t Tota l extract  y i e l ds  of fres h coal  s amp l es  
O Tota l extra ct  y i e l ds of ox i d i zed coa l  samp l es 
83 . 0  87 . 0  
Note : Da ta s et two of coa l # 9 1 0  i s  u s ed ;  da ta s et one  of  coa l 
#930  i s  u s ed . 
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9 1 . 0  
repor ted 40 • He stated that the pyr i d i ne extract yie lds i ncreased f i rst , 
passed th rough a broad ma x i mum between 8 0  and 8 5 %  c a r bon on a d ry ash 
free bas i s , and decreased qu ickly w i th h i gher ran k .  Since th e total 
yield of s equential ext rac ti on i s  equ ivalent to that of pyr i d i ne in the 
sense of wei gh t ,  as proved f rom the # 6 0 0  reverse  sequ ent i al ext racti on ,  
it  is not u nreasonable to compare the ext ract re su l ts.  Fur the r more , a s  
no coa l s  w i th c arbon contents bet ween 79  and 8 3% have been studied unde r 
the cu r rent research in ou r lab, i t  i s  uncer tain whether the maxi num 
point l i e s  at 79 %  C or somewhere bet ween 79% and 8 3 % .  The cu r rent 
resu lts , never the l e s s ,  are cons i stent w i th what Dryden c i ted. Fu r ther 
evi dence c an be obtained after coa l s  w i th c ar bon contents bet ween 7 9 %  
and 8 3 %  are  ext racted. 
Both low rank and h i gh rank coa l s  give low ext ract yields (as seen 
from Table 4 and Figu re 8 ) . Th is  i mp l i e s  ei ther the d i f f i cu l ties  of the 
ext ra ctabl e mater i a l s  bei ng dis solved in the sol vents or the amount of 
the ext rac table mate r i3ls  b eing very smal l ,  or poss i bly both reasons. 
Ven Bodegom ,  e t  a l .  2 3 , 3 5 , be l ieve that low ext ract yie lds f rom low rank 
coals  are due to the fact that low r ank coals do not cons i st of monomers  
bu t are  macromolecu lar in  the sense that  thei r  f ragments are l inked 
together by chemi cal (pr obably e ster ) bonds.  Those bonds do not break 
before exten s ive d i s solu t i on c an tak e  place. Regar dl e ss of th i s  point , 
whi ch has not been conf i r med by o ther inve sti gator s ,  the low ext ract 
yields f or low rank coa l s  c an be expl ained f rom the recent concept 3 6 (b)  
of the e l ect r on-donor -accept or ( EDA) mechanism of coal ext racti on and by 
a two pha s e  (macro and m i cr o )  mode l of coa l st ructure.  
Accor d ing to the two-phase mode l proposed by Mar zec 3 6 ( a , b) , coa l s  
consist o f  a three-d i mens i onal macromolecular net wor k and separate 
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molecu les.  The se molecul e s  arc dispe r s ed i n  a pore system c r e ated by 
the macromolecu la r  net w o r k  and a re he ld in p l a c e  by e lect r on-donor ­
acceptor intera ct i ons ( i . e . , inte rph a s e EDA co!1pl exe s )  bet ween e l ect ron­
donor and e l ect r on-a ccept or s i te s  su ch as fu nc t i ona l groups and hetero­
aromat i c  and aromat i c  r i ngs oc cu r r i ng i n  bo th phases. The same type of 
interac ti ons a l so occu r between ma crono l ecu l 2 s  ( i nt raphase EDA 
complexe s) . Int ra- and i n t c r ph a s e EDA compl e xe s  vary in st rength , 
hyd rogen bond s  pre sunab1y f or m ing the st r onge st compl e xes.  A possible 
mechan i s m  f or solvent a ct i on on coal o r < pn i c m a t t e r may be as follo w s : 
solvent molecu l e s su b s t i tu te f o r  one pa r t  of the coa l  EDA complexe s thus 
break ing them up. Subst i tu t i on may oc cu r when the e lect ron-donor ( ED) 
or elect ron accept or ( EA) st reng th o f  a s o l v e n t  m o l e cu l e  is hi gher than 
the ED or EA st rength of the coa l active s i t e s. When inte rphas e  EDA 
comple xe s  are de st royed , c oa l  molecu l e s  w i l l  be detached f rom the 
macromolecular net wor k and thus di s sol ved.  
As k nown f or i ts r.i any oxygen functi onal g r oups ,  low r ank coals may 
have very st rong inte r phas e  EDA i n t e r a c t i on s  so that the solvents are 
not able to break the m .  The d i f f i c u l t i e s  of the mol ecule s d i s solv ing in 
solvent s  r e su l t  i n  l o w  ext ract yie ld f rom lo w r a n k  coa l s , as the case 
for coal # 9 20.  
As the coal i f i c .=tt i on i nc r e a s e s ,  oxy9en con t a i n i ng fu nc t i onal gr oups 
decrease ,  arom ati c i ty i n c r e as e s .  The i n t e r a c ti ons between the rnacro­
and m i cr omolecu les have become C-C cov a l e n t  bonds i n s te ad of EDA 
inte rac ti ons. The number of c ondensed a r o m a t i c  r ings increases up to 4 
or 5 .  Thu s ,  the who l e  r:lucr o mol ecu l a r ne t wor k i s  l i nk ed by st rong 
coval ent bonds ; on ly l i t t l e  sr.ic.. 1 1  no l ecu l e s a r e  t rapped in the pores 
c r eated by the n a cr o mo l ec u l a r ne t w or k .  Henc e , low ext ract yie ld s are 
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obta ined i n  h i gh rank coa l s ,  · as for coal # 9 50.  
Based on thi s  concept,  it  is  easy to unde r stand why coal # 9 30 ,  # 9 40 
and # 9 10 have re asonably high y i e lds. These coa l s  are in the m i dd l e  of 
coa l i f i c ati on process.  Not enough st r ong EDA inte racti ons e x i st between 
the macr o- and m i cr omol ecu l e s  to prevent the sma l l  mol ecules  f rom being 
di ssolved in the solven ts;  yet no t too m any C-C covalent bonds have 
formed to subst i tute the dipole-d i pole f orce s or H-bonds bet ween th e two 
phases.  Thus ,  both fact o r s  f avor the dissolu ti on of coals  in solvents.  
High yie lds of extract i on on thes e  coa l s  were the refor e  obtai ned.  
Fi gu re 8 fu r ther  reveals the solubi l i ty in each solvent f or 
different coa l s. The t rend i s  not as clear as tha t  for the tota l 
ext ract yie lds.  Toluene g i ves  the highest yield on coal # 6 0 0  and then 
decreases at h i gher ran k .  Yie ld in THF shows a s i m i lar t rend to total 
ext ract yields w i th increas ing coal r ank .  I t  tends to  increase f i rs t ,  
reach Maxi mu m  a t  coal # 9 30 , and decrease again.  Howeve r ,  t rends for DMF 
and pyr i d i ne are compl etely diffe rent.  DMF g i ve s  hi gh yields on coals  
# 910 and # 9 30 ; whi le pyr idine produce s an  e x t reme ly h i gh yield i n  coal 
# 9 1 0 ,  compared to those f ro m  o ther coals .  Thi s  indic ates that the total 
ext ract yie lds are rank dependent ; bu t it is  not nece ssary for the 
indi v i dual  solvent.  Fu r ther more , i t  i mpl ies that d i f f e rent r ank coa l s  
contai n  dif f erent amount of mol ecu l e s ,  whi ch d i f f e r  i n  pol ar i ty and 
func ti ona l i ty to  cer tain e xtent. 
The ext ract i on re su l ts on oxidi zed coa l s  show s i m i lar t rends to th e 
f r e sh coa l s  as coal r ank increases .  However , the maxi mum po i nt sh i f ts 
to coal # 94 1  ( 7 4 . 9 3 %  C) . Compared to the f re sh coa l s ,  the extra ct yie ld 
of oxi d i zed coal #931 and i� 6 0 1  are  s i gni f i c ant ly decreased ; the ext ract 
yield of oxidi zed subbi tuminous coal #921 is  s l i gh t ly increased. Coal 
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# 9 41 rema i n s  almost the same y i e l d  as that before oxi dat i on . Change s 
on o ther t wo c oa l s  ( # 9 10 ,  # 9 50 )  a re a l so not s i g ni f i c ant. Detai led 
di scus s i ons are pre sent l a te r . 
Change s of GPC ':'r ace s  wi th Rank and upon Ox i d a t i on 
Ge l Pe r m e ati on Ch rom atog ram s of soluble c oal f ra c ti on s  us ing 
pyr i d i ne mob i le pha s e have the adv anta ge of show ing the molecu lar size  
di st r i bu ti on o f  d i s solved mol ecu l e s , as oppos ed to the molecu lar wei ght 
ave r a ge s  f rom such techn i qu e s  vapor pre ssu re osmomet ry. Since py r i di ne 
di ssolves a l l ,  or near ly all  ( a s  p r oved f ro m  reve r s e  sequential  
extract i on o f  # 6 0 0 ) , mate r i a l  solubl e i n  l e ss pol ar solvents , even the 
nost polar and hi ghe st mol ecu l a r  wei gh t  ext racts may be studied. GPC 
analyses of each solubl e f r a c t i on of f re sh and o x i d i zed coals  are 
plotted together as a Mol ecu lar Si ze Pr of i l e ,  F i gu re s 9- 20 .  The sol i d  
ve r ti cal bar s  repre sen t  the f r a c t i on o f  tota l e x t ra ct soluble i n  the 
indi cated solvent. The molecu la r w e i gh t s  are obt a i ned f rom the 
polystyrene GPC c al i br a t i on curve ( F i gure  21) .  To plo t th i s  cu rve , a 
se r ie s  of k nown molecu l a r  w e i ght poly styrene solu ti on s  w e r e  run on GPC 
to det e r m i ne the e lu t i on ti m e .  The stand a r d polysty rene cal ibra t i on 
curve was then obtained by plo t t i ng the l og a r i thm of the mol ecu lar 
we ight ve r su s  the e lu t i on ti me or vo l u me . Toluene an d  naph thyl-!­
me thyl naph thyl ether have been used to e x tend the cal i brati on to the 
l ower mas s range . Thus ,  kno w ing the e lu t i on t i me ,  the molecular wei ght  
i s  readi ly avai lable f rom th i s  cu r v e .  Unf ortunate ly, t h i s  cal i brati on 
cu r ve c an on ly g i ve app r o x i mate mol ecu l a r wei gh t s  for coal f ra ct i ons.  
More st r i ct ly, th i s  curve c an not be used t o  deter m i ne molecu lar weights 
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# 9 41 rema i n s  almost the same yie ld as that before oxi dat i on . Change s 
on o ther two coa l s  ( # 9 1 0 ,  # 9 50 )  a re al so not s i g ni f i c ant. Detai led 
di scu s s i ons are pre sent later . 
Changes o f  GPC ':'r aces wi th nank o.nd upon Ox i d a t i on 
Ge l  Per meati on Ch romatog rams of soluble coal f ra c ti ons us ing 
pyr i d i ne mob i le phas e  have the adv antage of show ing the mole cu lar s i z e  
di st r i bu t i on o f  d i s solved molecu l e s ,  as opposed t o  the molecu l a r  w e i ght 
ave r a ge s  f ro m  such techni qu e s  vapor p re ssu re osmomet ry. Since py r i di ne 
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plo t ted together as  a t 1ol ecu l a r  S i z e  Prof i l e ,  F i gu r e s  9- 20 .  The sol i d  
ve r t i cal ba r s  repre sent the f ra c t i on o f  tota l e x t ra ct soluble i n  the 
indi c ated solvent. The molecu lar w e i gh t s  are obt a i ned f rom the 
polystyrene GPC cal ibrat i on c u r ve ( F i gu r e  21 ) .  To plo t th i s  cu rve ,  ·::. 
se r ie s  of k nown molecu l a r  w e i ght poly styrene solu ti an s w e r e  run on GPC 
to det e r m i ne the e l u t i on ti m e .  The standar d pol ystyrene c a l i br a t i on 
curve was then obtained by plott ing the loga r i thm of the molecu lar 
we ight ver sus  the e lu t i on ti me or volume.  Tol u ene and naphthyl-!­
me thyl naph thyl ether have been used to e x tend the c a l i br a ti on to the 
lower mas s range . Thus ,  kno w i ng the e lu t i on t i me ,  the molecular wei gh t  
i s  readi ly av ai lable f rom th i s  curve.  Unf o r t u nate ly, th i s  cal i br ati on 
cu rve can on ly g i ve app ro x i m a t e  mo l ecu l a r  w e i gh t s  for coal f ra ct i ons.  
More st r i ct ly, th i s  c u r ve c an not be used to deter m i ne molecu lar w e i gh t s  
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coa l #921 . 
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of coal f ra ct i on s  bec au s e  of th e gr e at de v i a t i on re su l t i ng f ro m  t h e  
d i ff e r ence i n  shape b e t ween t h e  po ly sty re ne and c o 3. l  mo l ecu l e s . As seen 
i n F i gu re 21 ,  sol i d  t r i angl e s r ep re sen t  coa l f r act i ons i s ol ated  as 
fol lows. Several DMF soluble f r a c ti ons of coal # 50 0  ( no t  i n c l u d e d  i n  
this st udy) \ler e fu r th e r  s epa r a t e d  on a SX- 1 B i o-bead size exc l us i on 
column in pyr i d i ne mob i l e phas e .  ':'he s e  :!: ra c t i ons we re then w a shed f r ee 
of sol vent and the VPO (v apor pre ssu r e os mo r.10t  ry) r rnn and GPC cu r ve s 
deter ra i ne a 8 2 • VPO m o l ecu l a r  w ei gh ts of seve r a l  f r a c ti ons f ro r:i  
sequ ent i a l e x t ract i on o f  coa l s  # 6 0 0  a n d  # 9 10 wh i ch had r a ther na r ro w ,  
sym m et r i cal GPC cu r ve s w e r e  a l so ob t a i ned a n d  p l o tted on F i gu re 21 .  
I t  i s  re adi l y  appar ent that c o a l  f r a c t i on s  e l u te f r om the CPC 
column t r a in e a r l i e r  than po lystyrene of s i m i l -01 r  m o l ecu l a r  m a s s .  Th i s  
i s  cons i s t ent w i th ob s er va t i on s  of other wor k e r s.  I t  i s  probabl y due to 
the f a c t  that the m o l e c u l e s  f ro m  c oa l  a r e  l i k e l y t o  be bu l k i e r  ( mo r e  3-
di mens i ona l ) than l i ne a r  pol ystyrene so that they w i l l  not f i t i nt o the 
column por e s as we l l and w i l l move th r ou gh the col u mn f as te r .  I t  i s  
also pos s i b l e  that t h e  pol a r mo l e cu l e s  a s s oc i a t e  w i th e ach oth e r  o r  the 
py r i d i ne solvent and hence u.ppe ar " l a r ge r "  in th i s  sy ste m . To e xam i ne 
th is possibi l i ty,  a D� iF  sol ubl e f ra ct i on f ro m  s equ en t i a l  e x t r a ct i on of 
coal # 7 0 0  (VPO M Hn = 2 58 3 ) was c onve r ted i nt o  t r i m e thyl s i lyl ( ':'MS) e the r 
de r i vati ve (VPO M'Vi'n = 5 9 9 6 ) . No n a j o r  change i n  e l u t i on t i me h a s  
occu r red because of the c onve r s i on of ph e no l  OH � r ou ps i n t o  non-po l a r  
T M S  et he r s 8 2 • Fu r th e r  wor k o n  th e GPC s ep a n t i on and c a l i br a t i on u s i ng 
coal f rac ti ons i s  s t i l l  ne c e s s a r y  bef o r e  th i s m e thod c an be used f o r  
c oal analys i s .  In th i s  thes i s , mo l ecu l a r  w e i gh t s  ob t a i ne d  f rom the 
s tandar d poly sty r e ne c a l i br a ti on cu r ve a r e  s ti l l  b e i ng used . 
GPC t ra ce s for the f re sh c oa l  f ra c t i on s  ( F i gu r e s  9 ,  1 1 ,  1 3 ,  1 5 ,  
5 0  
1 7 ,  1 9 )  show di f ferenc e s  w i th d i f f erent rank coa l s .  �hese difference s 
can be seen f rom th ree a spec t s : 1 )  the shape of the GPC cu r ve s ;  2 )  the 
solubi l i ty in  e a ch solvent ; 3 )  the mole cu l a r w e i gh t  i n  each f r a c t i on. 
The GPC t r aces f ro m  c oal sampl e s  ;f 6 0 0 , # 9 3 0 and # 9 4 0  a re more a.like  in 
shape than those f r om the oth e r s .  The shape of the GPC cu r ve i s  
aff ec ted by the mo l ecu l a r  w e i ght d i st r i bu ti on of t h e  solu ti on , whi ch i s  
u su a l l y  qu ite br oad for coa l s ampl e s .  A l s o ,  t h e  r e spon s e of the 
detector to the r e f r a c t i v e  index of the solu ti on w i l l  change the shape 
of the cu rve . Th i s  r c: spon s e  see m s  to vary w i th the mol e cul a r st ru c t u re 
and the func ti onal groups p r e s e n t .  Re f ra c t i ve index detector re sponse 
var i e s  w i th the func t i on a l  g r oups pre s en t .  N o  good cor rela t ions have 
been f o u n d .  
The di f f ere nce s  i n  sol ubi l i ty i n  e a ch sol ven t ,  whi ch has been 
di scus sed ear l ie r ,  are read i ly seen f rom the h ei ght of the sol i d  
ve r ti cal ba. r s .  App ro x i m a t e  molecu l a r  w e i gh ts in each f raction can also 
be k nown f ro m  the pos i ti on of the t ra c e .  As obs e r ved in all GPC t races 
of soluble f ra ct i ons , the mol ecu l a r  w e i gh t s  of th e ext racts in four 
solvents inc rease f ror.i tolu ene , ':'tlF , D t 1 F  t o  pyr i d i ne , i n  the s a m e  or der 
of ext ra ctabi l i ty. �ol u ene solubl e f ra ct i on s  a l w ays g i ve the lo we st 
molecu l a r  w e i ght , and pyr i d ine the h i ghe s t .  Th i s ,  once again, proves 
the f ou r  sol vents w e  cho s e  are no t on ly i n the or de r of incre as ing 
ext rac tabi l i ty bu t a l so c apable of e xt r ac t i ng d i f f e rent f rac ti ons w i th 
i ncr e as i ng m o l e c u l a r  w e i ghts f ro m  c oa l s .  
I t  i s  i nte re sti ng to no ti ce t h e  cor re l ati on between the 
ext ractabi l i ty and the mol ecu l ar we i gh t . The h i ghe r the total extra ct 
yie ld,  the hi ghe r mol ecu l a r  w ei ght the GPC t races sh ift  to. As shown 
from F i gu r e s  9- 20 ,  the GPC t ra ce of the pyr i dine soluble f ract i on f rom 
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coa l # 9 30 appea r s  a t  a r.iol ecu l a r wei gh t  up to ove r 1 0 , 0 0 0 ;  the tolu ene 
so lu ble f rac ti on is al so m o r e  than 50 0 . On the o ther han d ,  coal !i 9 50 
give s the lo we st e xt ract yie ld ; accor d i ngly, the mol e c u l a r  w e i gh t s  f or 
the soluble f r ac ti on s  a r e  a l s o  much lowe r .  The py r i d i ne soluble 
f r ac t i on i s  a r ound 1 , 0 0 0 ,  and the tolu ene sol ubl e f r a ct i on on ly 3 0 0. 
Si m i l ar ly, soluble f ra c ti on s  f rom coal # 9 20 g i ve raolecu l a r  w e i g h t s  
c l ose to those o f  coa l ±f 9 50 ; howeve r ,  i t  i s  r a th e r  apparent , f ro m  th e 
shou l de r s  of th e GPC c u r ve s ,  that sor.ie h i gh molecu l a r  w e i ght molecu l e s  
a r e  con t a i ne d  i n  the sol u bl e  f ra ct i ons of coa l  # 9 20.  Other GPC t ra ce s  
show the sar:1e cor re l a ti ons w i th e x t rac tabi l i  ty. ':'h i s  cor re l a ti on i s  
a l s o  f ound i n  t h e  oxi d i zed c o a l  s ampl e s .  Coa l # 9 3 0 , f or i ns tanc e , 
pr oduce s a s i g ni f i c antly low e r  ext ract y i e l d  a ft e r  a i r  o x i d a ti on. 
Co r r e spondi ngly, GPC t ra ce s  of e x t r a c t s  f ro m  th i s  coal are sh i f ted to 
much lower molecu l a r  w e i g h t s ,  compa red to thos e f ro m  the f re sh c oa l .  
The pyr i d i ne e x t ract g i ve s on ly a n  approxi mate 2 , 0 0 0  mo l e cu l ar we i gh t , 
and the tolu ene ext r a c t  c lose t o  5 0 0  a f te r o x i d a ti on .  The same change s 
a r e  obs e r ved for coal # 6 00 .  For c o a l  # 940 whos e  e x t ra ct y i e l d  d i d  no t 
change to ::< s i g ni f i c ant extent ,  the GPC t ra c e s  b e f o r e  and a f te r  
oxidati on are a l rao s t  the s o.me e xcept f or the change s o n  r e f r a ct i ve 
inde x , whi ch i s  thou ght to be the fu nc ti on of fu nc ti ona l g r ou ps and 
thei r s t ructu r a l  ar ro.nge r:icnt . Sor:ie ch ange s on GPC t ra ce s  of oth e r  coa l s  
( ii 910 , # 9 20 ,  # 9 50)  b c :'.: o r e  end a f t e r  o x i d a ti on a r e  a l so obs e r ve d ,  bu t 
ba si cly are ch ange s on r e spon s e  to r e f r a ct i ve i ndex and shape of the 
cu r v e s  \·1hi ch u su a l ly ind i c ates the change s of molecu l a r  wei ght 
di st r i bu t i on. No obv i ou s  mol ecu l a r  .we i gh t  sh i f t s  are f ound on the s e  
c o a l  samples.  
van Kreve len and \·/ynne -Jone s have obs er ved the cor r e l a t i on bet ween 
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e x t ractabi l i ty and nu mber ave r a ge mo l e c u l a r  we i gh t  as ea r ly as the 
1 9 6 0 ' s8 3 . ':'hey m e a su re d  the nu mbe r ave rage mole cu lar w e i gh ts of th e 
extracts i n  py r i d i ne qu an t i tat i ve ly and f ound they sho wed th e same 
cor re l ati on as e x t r a c t  y i e ld w i th coal r an k .  The molecu l a r  w e i gh ts were 
fur ther plo t ted v e r sus pyr i d i ne e x t r :.c;. c t  y i e ld s .  A l i ne a r r e l at i on sh i p  
between molecu l a r  w e i gh t s  a;id e x t r a c t  y i e l ds was revealed.  The nu mbe r  
average molecu lar we i gh t  i nc r e ::\s e s  \1 i th ext nct y i e ld.  Unfor tunat e ly, 
no expl anati on was gi ven at that t i n e .  ':'he nu r:iber ave rage molecu lar  
we ight of  pyr i di ne e x t n ct i n  th ei r s t udi e s  i s  ar ound 8 , 0 0 0 , much lower 
than what we j u st c i sc u s s e d .  ':'he g reat dev i a ti on re su l ts f rom using the 
polystyrene standa r d  c al i br � t i on cu r ve f o r  coal f r a ct i on in ou r st udi e s ,  
whi ch gives a hi gher �o lecu l a r  w e i gh t  than i t  shou ld be. 
The f act that n o l e cu l a r  v1 ei gh t  i n c r e as e s  w i th total extract yie ld 
indi c ates that the bi gger the t r appe d  molecu l e s  ( shou ld be to some 
l i mi t ) , the mor e  they are re moved by the sol vent s .  In another wor ds , 
the solvent p r ef e r s  t o  e x t r u c t  the molecu l e s  t r apped in bi gge r pore s. 
Ba s ed on th i s  i de a ,  the por e  vol ume for h i gh vol a t i l e bi tum i nous coa l s  
(e.g. , coa l s  if 6 0 0 ,  Jt 9 1 0 ,  # 9 30 ,  )f 9 4 0 )  shou l d b e  l .:.i. r g c r  than that o f  coal s 
w i th h i gher or lo w e r  c a r bon con t e n t s  bec au s e  a l l  th e s e  f ou r  coa l s  g i ve 
s i gni f i c ant ly hi ghe r e x t rac t y i e l ds than c oa l  ;± 0 5 0 :me # 9 20 .  I n  f a c t ,  
Maha j an 8 4 repor ted t h a t  t h e  por e s f o r  c o a l  above 8 %  c ar bon content i s  
0 
predo m i nated by Sl.lal l volur:i �� ,  le ss than J. 2  J:>..; the coal s w i th 75 to 87% 
0 
carbon are as soc i a te d  w i th s i gn i f i can t propor t i ons of macr o- ( > 3 0 0  A) , 
0 0 • 
meso- ( >  1 2  A ;  < 3 () 0  M ,  ,::me: mi cropor os i ty ( < 1 2  A) . Howeve r ,  coa l s  w i th 
c arbon content lo w e r  t h an 7 5 %  are also pre do m i na t e d  by macr opor e s ,  wh i ch 
cont radi c ts th i s  a s sunpti on. Ne ve r the l e s s ,  c on s i d e r  the fact that the 
solubi l i ty of coa l in sol ve n t is de t e r n i ne d by many other  f actor s , for 
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instance , the inte r a ct i ons bet ween m i c r o - ci.nd m a c r opha s e ,  the effect of 
por os i ty on solubi l i ty may be underr:1 i ned by o ther f a c t o r s .  The st r ong 
i nte r a c t i on bet ween the s e  t\m ph2 s e s  v i ::t  H-bonding in th i s  par t i cu l a r  
coal 'i 9 20 D i ght account f or the low 2xt r a c t  y i e l d .  ':'hese r e su l ts 
de nonst rate the i mpor tance of the por o s i ty in the dissol u t i on of some 
coal s ,  w h i ch fu r th e r  su gge sts that the d i f fusi on of the solvent i nto the 
c oal molecu l e s ,  hence swe l l i ng t'.1e pore ,  may be anothe r  k ey factor for 
sol vent ext racti on.  Th i s  i dea has a l r e ady been rut for war d by Dryden 
in e a r ly so • s 3 4• 'I'hat pyr i di ne e x t ract c:il ways consists  of bi gge r 
molecu l a r  wei ght mo l ecu l e s than o th e r  f ra c ti ons al so suppor ts the i dea 
of swe l l ing , s i nce pyr i di ne is such a good sol vent to swe l l  the coa l .  
Fu r thermore,  the d i ff e rence in t i m e  du rati on for  each solvent to reach 
the complet i on of e x t ra c t i on on each coal provi de s another e v i dence to 
suppor t  th i s  assumpti on. 
Change s of FT- IR Spect r a  wi th P-ank und upon Ox i dat i on 
Fou r i e r  T r an sf o r m  Inf r a red spect r oscopy is cu r rent ly undergo ing a 
con s i de rable re su r gence for the study of coa l s  and coal de r ived 
pr odu c ts because of i ts num e rous advantage s ,  par t i c u l a r ly in t h e  a r e as 
of sensi t i v i ty ,  ene r gy th roughpu t , wavenu mber a ccu ra cy and speed of 
measu rement.  Painte r ,  Cole m an and the i r  cowor k e r s 8 5 have shown the 
power of Fou r i e r  Trzm s f or m  i n f r a r e d  spect ro scopy for st udy ing the 
m i neral  compos i ti on,  organi c func ti ona l i ty and ox i dation of c oa l .  �1ost 
r e searcher s  employ the KBr technique t o  run the spect ra , that i s , m i x i ng 
a sma l l  f rac ti on of coal w i th d r ied KBr and g r ind ing in a W-L-Bug pri or 
to pre ssing into a pe l l e t  unde r pre ssu re .  �his  technique give s  high S/n 
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r a t i o and a const an t  absorb.Jnce for r.i i ne r a l  ban d s .  Ho weve r ,  the u s e  of 
KBr r ai ses the pr obl e m  of 0-H absorpti ons i n  �.he> s�1ect r a  br ought by the 
water absor bed in th e I\Br pe l l e t s .  ':'he s e  ' b sor p t i on ban d s  w i l l  ove r l ap 
w i th those f rom coal sample s  mak ing tl1 e qu c:n t i  t :o t i  ve m c: a su re m ent of OH 
content i n  coa l s  i na ccu rate . 
To over come th i s probl e m ,  i n ve st i ga t o r s :vi ve t r i ed heat i ng the 
pe l l ets by va r i ou s  m e thod s .  
o r  
F r i e de l u o  repor t e d  w or k of Tscham l e r  whi ch 
sugge sted that the c o mplete re moval of thP. KJr w a t c: r  bands oc cu r e d  on ly 
when the pe l l et s  we r e  D e a su red at l 75°c. Upon cool i ng , the b ands 
reappeared,  e. l though at r e duced i nt e n s i ty.  Os . :rn a  :n d Sh i h 8 7 d r i ed 
pe l l e t s  f o r  2 days 21t  s o0c anc1 found r e s i du a l  J b s o rp ti on att r i bu ta b l e  t o  
wate r .  Rober ts 8 8  repor ted t h a t  d r y i ng at 1 0 ri - 1 10°c cJ i ;;i i nished or 
e l i m inated the KBr ;; ater bands.  
0 f)  
Solor;ion · _, 3 c :1 i eved g ood r e su l ts by 
drying at 10 5°C for 4 8  hou r s . Hm1eve r ,  s i nc e  t h e  E\Br pe l let s  a r e  so 
sen s i t i ve t o  w ate r ,  the be st and most effec t L' ::: '. 1 ay s t i l l  seems obscu re.  
Alth ough al l KI3r pe l l e t s  were 'J a cuun d r i e d ,  no e f f or ts have been made 
try to cor re l ate the OH abs o r p t i on bancls qu c:.n t i  t a t i  ve ly w i th the OH 
c ontent i n  coa l s  i n  th i s  s t u dy. 
The bas el i ne i n  coal spect ra. i s  e x t n:.: r:i c l y  .s t r;; c�p due to the 
he te rogenei ty of c oa l s ,  the use of K2 r ,  and the s c 2 t t e r  and e l ect r oni c 
absorpti ons. Th i s  i nc r e a s e s  the d i f f i cu l t i e s  i n  the as s i gnment of the 
peak s and the inte rp ri::: t a ti on of the sp0 ct r u . D i f fuse r e f l e c t ance 
i nf ra red spect roscopy , be i ng abl e  to e l i D i na. tr:: the KBr water absorpt i on 
and steep base l i ne , has shown the adv antage s i n  qu an t i t a t i ve analy s i s  of 
coal spec t r a .  Th i s  wor k i s  j u s t  be i ng s t a r t e d  i n  ou r l ab. The spect ra 
repor ted in th i s the s i s  a r e s t i l l  ob t a i ned f r om KB r pe l l e t s  and recor ded 
as absorbance , a convent i onal ·way to r e cor d the spect ra i n  coal 
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re s ea r c h .  The cho i ce of 3 mg coal sample to 300 m g  K B r  r a t i o  i n  ou r 
work fol lows the obs e r v a ti on9 0  that the Jee r - Lanber t  l a w  (absorp ti on 
l i ne a r l y  r e l a t ed to the amou nt of coa l i n  thr:> t_)e l let ) i s obeyed up to 
abou t 5 mg of c oa l . The o the r e xpe r i n e n t a l  con8 i ti ons for p r epar i ng and 
running the spec t r a ,  e .g . ,  the t i me f o r  Q r i :K!i ng ( 4 5 seconds ) , vacuum 
- 1 drying p r i or t o  running spe c t r a , 2 cm - resolu ti on and 50 s c an s  t o  
obta i n  spe c t ra , et c ,  a r e  chosen to opt i m i z e the S/N r a t i o , ba s el i ne ,  
con stant absorbance of m i ne r a l  m at te r , anc; t o  r:i i ni n i ze the w ater 
absorpt i on ;  hence ob ta i n i ng th e be st spec t r J .  
The spect r a  o f  f r e sh and o x i d i zed o r i <J i n :: l  c oa l s ,  e x t rac ts and 
re s i dues were ob ta i ne d .  They are shown i n  F i 0u re s 2 2- 57.  The spec t ru m  
o f  THF ext ract f ro n o x i d i z ed c o a l  # 9 5 1  w as no t a v ,:t i lable because on ly 
0.3 7% was re cove r e d .  The spec t ra a r e  sho wn i n  th i s  w ay :  both spe c t ra of 
f r e sh and o x i d i zed sample s a r e  r ec or ded on one f i gu r e ; the uppe r t ra ce 
i s  f rom oxi di zed coa l and the lo wer t ra ce is  f r o m  f re sh c oa l .  
M o s t  c oal sampl e s  have br oadly s i m i l <=< r  spect ra d i ff e r ing on l y  in 
the re lati ve i ntens i ty of the i r co mpone nt bands , whi ch tend t o  be 
br oad , ove r l apped and poor ly def i ned s i mply due t o  the w i de r ange of 
c ont r i bu t i ng s t ruc t u re s.  ':'he peak s i n  c o a l  sampl e s  c an be d i v i de d  to 8 
. 5 0 regi on s -' .  
1) . 3 2 0 0 - 3 6 0 0  cm- 1 , 0- H absor p t i on r e g i on ;  th i s  u. r e a  i s  most eas i ly 
obscu red by the w at e r  ab so rp ti on due t o  the w a t e r  in KBr . The 
s c at te r i ng of the spec t ra al so aff ec ts th i s  r e gi on . Hyd r ogen-bonded OH 
can e x tend the abs o rp t i on down to a wavenu mb e r  of 2000. N-H st r etchi ng 
appear s at th i s  r e 0 i on as we l l .  Cons i de r i ng the lo w n i t rogen content in 
c oa l s , th i s  abso rp ti on on ly c ont r i bu te s  to a very s m a l l  e x t e nt.  
2) . Sl i ght ly above 3 0 0 0  cm-1 ( 30 3 0  c m - 1 ) ,  ar o ma t i c  C-H st ret ch i ng ; i t  
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c an be blocked by the bad bas e l i ne or the st rong absor p t i on of the OH 
peak. The inten s i ty of th i s  peak i s  a fu nc ti on of coal r ank.  I t  
i nc r e a s e s  w i th inc r e a s i ng c a r bon content . 
_ , . h . h '  h 3 ) . F r om 28 0 0  to lower than 3 0 0 0  cm - ,  a l lp a t 1 c  C-H st r et c , mg ; L ree 
peak s a r e  of ten ob s er ved i n  th i s  r e g i on ,  th e peak at 2 926 c m - 1 being the 
s t r onge st one . �he a l i ph a ti c CH absorp t i ons a r e  u su a l ly h i gher i n  
i nten s i ty i n  e x t r a c t s  than i n or i g i n a l  coa l s  and r e s i du e s . 
- 1 a b · 1 1  ' · d f b l 4 ) . 1 5 0 0- 13 0 0  en -- , C=O an C=C a sorp t1 on s ;  a K in s o car ony , 
e.g. ,  k et one , e s t e r ,  aldehyde , c a r bo xyl i c  aci d ,  et c . ,  have absor p t i ons 
i n  th i s  regi on. The s t r ong b and at a r ound 1 6 00 c n - 1  f r om the aromat i c  
s k e l e t on v i br a t i on ove r l aps w i th some o f  th o s e  abso r p t i ons.  The re have 
be en v2x i 2 t i e s  of st r u c t u r a l ly d i f f e r e nt a s s i gnments t o  the peak s at 
this a r e a .  Solvent D t 1F exh i bi ts i ts cha r a cte r i s t i c  absor p t i on a t  1 6 6 2  
cm- 1 . ox i d .::t ti on br ings compl i c ated change s i n  th i s  regi on. 
5) . 1 3 0 0- 1 5 0 0  c m
- 1 , a l i phat i c  C-H bend i ng ; typ i c al methyl bendi ng 
abso rp ti on appea r s  at 1 3 8 5  c m- 1 . ;H ne r a l  m at t e r  po s s i bly c ont r i bu te s  
absorp t i on s  i n  th i s  r e g i on. Peak s at th i s a r e a a r e  di f f i cu l t  t o  
ch u r a c te r i ze . 
6 ) . 1 1 0 0 - 13 0 0  cm- 1 , C-0 s i ng l e  bond s t r e t ch i ng ,  inc l u d i ng ether , pheno l , 
e s te r ,  etc.  The peak at 1 2 G 5  cr:i- 1 i s  the nost typ i c al one . Th i s  
absorpt i on cor r e late s w i th the r mk of c oa l s  al so . H i ghe r r a n k  coa l s  
show l o w e r  inten s i ty. Ox i d a ti on u su a l ly increas e s  the intens i ty o f  th i s  
absorp t i on .  Some m i ne r a l  bands al so appear i n  th i s  r e g i on. 
1 
7) . 700-9 0 0 cm - J· ,  arom a t i c  C-H bend i ng reg i on ;  the inten s i t i e s  of peak s 
at th i s  r e g i on al so i nc r e a s e  w i th ran k .  Infor m at i on abou t the 
sub s t i tu ti on on a r o m a t i c  r ings c an be obt a i ned by the patte r n  of the 
pe ak s sho w i ng h e r e .  Unfor tun�te ly, th i s  a r e a  i s  d i s t u r bed b y  th e 
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absor p t i on s  f r om mi ne r a l s . Pyr i d i ne h a s  an absorp t i on at 7 5 0  cm- 1 • 
8 ) .  above 3 6 0 0  and f rom 9 0 0  t o  l l O O  c m- 1 , typical rc:gi on f or m i ne r a l  
absorp t i on s .  Some o f  t h e  n i ne r a l  bands appear 2, t  the r e g i ons of 
a r o m a t i c  and a l i ph a t i c  bend i ng a r e a s ,  a l so be low 7 0 0  cm-1. The m i ne r al 
pe ak s are u su a l ly only shown on the spect ra of coa l and r e s i du e .  ':'he 
f o l low i ng table ( 6 )  gi ve s some more d e t a i l s  on the a s s i gnment of peak s 
wh i ch genera lly appear i n  t�-ie coal spect r n . 
Table G !1.s s i gnment of FT- IR Absorpt i ons of Coa l  Spec t r a  
L - ]_  Pe a,, cm A s s i gnment t o  peak Ref e r ence 
3 6 9 5  
3 6 50 
3 6 20 
3 6 0 5 
3 6 0 0  
3 5 50 
3 4 50 
3 3 00 
3 0 50 
3 0 3 0  
3 0 1 9 
3 0 10 
2 9 75 
2 9 6 0  
29 4 8 ,  29 40 
Kao l i ni te 
Kaol i n i t e 
7'aol i ni te or I l l i te 
Gypsum 
F r ee ph e no l i c  OH 
Gypsum 
0-II St r et ch i ng 
H-bonded pheno l i c  CH 
Aror:iat i c  C-H g r oups 
.i'\r oma t i c  C-H gr oups 
Arona ti c C-II g r oups 
l\rona t i c  C-I-:i groups 
i 1e tbyl g r oups attached t o  k et one c a r bon 
g r oups and et he r o xyge n a t oms 
r 1e thyl groups at tached t o  a l kyl chains 
Asymmet r i cal C-H st re tch i ng 
Asym m et r i c  st r e t c h i ng m e thyl g r oups a t tached 
to aryl r i ng s  or alkyl ch a i n s  
5 8  
9 1 
9 1  
9 1  
9 1  
8 9  
9 1  
8 9  
8 9  
9 2  
9 1 ,  
9 2  
9 2  
9 2  
9 2  
9 2 ,  
9 2  
9 1 
2 9 3 3  
2 9 2 6  
2 9 23 
2 9 2 0  
2 9 1 6  
2 9 0 5  
2 8 9 7  
28 70 
28 5 3  
2 7 3 5  
18 40 , 1 7 8 0  
1 7 7 0  
1 7 7 0 , 1 7 6 0  
1 7 6 5  
1 7 40 
1 7 3 5  
1 7 30 
1 7 25  
1 7 2 0  
1 7 1 5 ,  1 7 1 0  
1 7 0 0  
1 69 0  
1 6 8 0  
1 6 7 2  
1 6 56 
1 6 5 5  
CH2co gr oup 
Al i phati c CH 
Methyli:=ne g r oup attached to a l k yl sr oups or 
e ther oxygen ( a lkoxy g roup ) 
CH 2 asyr.1l:lct r i ca l C-H st re tch i ng 
CH 2 or CH < ( p r c dolil i na t l y  01 2 )  
gr oup bonded t o  ar yl r i ngs 
Meth.y l e n2 C-E g r oup 
! lc t hylenc C- E gr oup 
CH ') J 
CH z  
C-�I  
syr:ir.1et r i c a l  
synJ:<et r i c a l  
.... +- h . s c. r c � c . .  1ng 
Aryl e st e r  
,..._u '- d 
c " - n  
mode 
st r e t c h ing 
st ret ch i ng 
of a r omat i c 
,\ronF:i.ti c 3. c 2 tate ; phenyl e ster 
Est e r  
A l i phati c ace tate ; ary l e s ter 
±1.l ipha t i c  C = O  
}\ldehyCe 
0-rric::thyl c arbo xy l i c  c stc r 
A l i ph 0 t i c COCH 
Aron,t i c  CQOH ; n c i d  
a l dehyde s 
Ac i r:l ;  .::: ronati c C= O ;  s i ngly con jugated 
k e t one , a l cJ ehyde s ,  alkyl phenone 
li.l dehyde 
non : :-bondi:=d qu inone 
Con jugated C=O , H-bonded gu i none 
R-C0-,1\r 
5 9  
9 2  
9 4  
9 2  
9 2  
9 2  
9 2  
9 2  
9 2  
9 2 , 9 3  
9 2  
46 , 8 5  
5 9  
46 , 8 5  
5 9 , 5 6  
5 6  
5 9 , 6 7  
8 3  
9 4  
9 5  
5 9 , 9 6  
59 , 9 0  
46 , 8 5  
5 6  
5 9  
9 0  
8 9  
4 6  
1 6 50 
1600, 1 5 9 0  
1 589 , 1 58 5  
1 5 75 , 1 565 
1 5 50 ,  1 4 0 0  
1 4 7 3  
1 4 6 3  
14 54 
1 4 5 0  
14 40 
1 4 3 5  
1 4 20 
13 8 5 
13 84 
1 3 75 
1 3 6 2 
1 2 5 1 ,  1 26 1 
1 200  
1 18 0  
1 0 9 0  
1 0 35 
101 5  
1 0 10 
948 
Con ju gated C = O  ( qu inone , benz ophenone ) 
C-C Aroma t i c  Vi br a ti on 
Ca r bonate 
C-H bend ing mode of -0-CE ., - groups 
,_ 
Asymmet r i cal C-H bend i ng mode of nethylene 
groups in a l ong a l i pha t i c  c h a i n  
Asyr:u:ie t r i c u.l C-H bend i ng node of '-l l k y l  
g r ou ps ; asyrmnet r i c al C-H bend i ng mode o f  
nethyl gr oups or of methylene gr oups a t t a ched 
to 3.n aryl r i ng 
l>.symract r i c al C-H bend i ng v i br zi. t i on s  of r.1et hyl 
and ne thylene group, in-pl ane C-H def ormati on 
of a r oma t i c  gr oup 
In-plane aromat i c  C- H de format i on 
Do lomi te 
Asyrrmet r i cal C- H bendi ng mode of -co-CH 2- or 
-CO-CH 3 groups 
Syr.inet r i c al C- H bend i ng mode of -co-CH3 
groups 
ni t ra t e  
Symmet ric a l  C-B ben d i ng mode of f:"lethyl g r oups 
ad jacent to alkyl or aryl gr oups 
Symr:iet r i c a l  C-H bend ing mode of me tho xy group 
Aryl e the r ; phe nol 
C- 0 E st e r  
Gypsum 
Kaol i n i te 
I l l i te 
Gypsum or Kaol i n i t e  
M i ne r a l  m a t t e r  
6 0  
56 
9 1 , 9 0  
9 0 , 5 G 
4 S , 9 G  
5 9 ,  8 5  
9 2  
9 2  
9 2  
9 2 ,  6 6  
9 2  
9 7  
9 2 
9 2  
6 6 
9 2 ,  9 3  
9 2  
6 0  
5 9 , 8 5  
9 6  
9 1  
6 6  
9 1  
9 1 , 6 5  
9 2  
9 20 
9 1 4  
9 1 0  
8 78 
8 7 0  
8 6 5 
8 30 
8 20 
8 1 5  
8 0 0  
7 9 7  
7 8 0  
7 7 9  
7 58 
7 5 5  
7 50 
7 5 0  
7 4 8  
6 9 0  
6 8 0  
5 30 
Il lite 
(1ine r a l  n atter 
Kaol i n i te 
Mine r a l  m a t ter 
Ar y l  r ing with is o l a ted C- H g r oups ( 5 , 4 , 3 
sub sti tu ti ons ) ;  C-H <J r ou ps on po l y  cyclic 
a rmona tic 
9 1  
9 2  
9 1  
9 2  
l\roma t i c C- H ou t o f  pl an1� ac� f o r na t i ons 9 2 ,  9 8  
or Lone a r or.l a ti c  C- H ou t o f  pl a.n0 defornati ons 
2\ryl ring ·,·1i th i s o l a t e d  C- H C) r oups ( 5 , 4 , 3 ,  9 2  
sub s titu ti ons ) ;  C-H g r oups o n  i so l ated r ing s 
]1,.ry l  r i ngs wi th two ne i gh bou r i ng C- H g r oups 9 2  
C-H g r oups on pol y  cyc lic a r oi'l a t i c  st ructure s 
l\_romat i c  C-H out of pl ane de f or mat i ons 9 2  
Aryl r i ngs wi th two neigh bor ing C-H g r oups ; 9 2  
C-H g r oups on isol ated r ings 
: 1ine r ;::. l nat ter 9 2  
Qu a r t z  9 7 
r 1ine r a l  ma t t e r  9 2  
Qua r tz 9 7  
Cr tho-cisub stitu tea r ings - 1 neighbou r ing 9 2  
C- H gr oups ; C-H gr oups on po l y  cyc l i c  ar omatic 
stu r c t u r e s  
Arona. t i c  C- H ou t of 9l ane de f or ma t i ons 92 
4-,:\d j.::t ccnt 2 r or.i a ti c  c-n r.:;e f or n a ti ons ; 9 9  
o-su bst i tu  tcd benzene r ings , r:1ono-substi t u  tea 60  
benz e ne r inss  ;::ind c on �-:ensed r i ng sy stems 
Kao l i ni � e ,  I l l i te 9 1  
Or tho-8isubs titu ted r ings - 4 neigh bour ing 9 2  
C-H gr oups ; C-H gr oups on i s o l 3 te d  rings 
Ka o l i ni te 9 1  
c-c Ar omati c ou t of pl ane bend i ng 9 4  
Kao l i nite 9 1  
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The spect ra of coa l and r e s idue are almost i dent i cal . Ai r 
oxi dati on does not change the pa rent coal spe c t r a  t o  a si gni f i c ant 
extent . Typical peak s and thei r ass ignDents  a r e  indi cated on F i gu re 2 ?. ,  
spe c t r a  o f  coal # 9 10 o.n d  o x i d i zed coal # 9 1 1 .  Other  coal spect ra sho w  
s i m i lar  absor p t i ons , d i f f e r i n g  on ly i n  intens i t i e s. Thu s ,  th e s e  
assi gnments a r e  a l so t rue i n  o th e r  coal spe ct ra . 
A s  s e e n  i n  F i gu r e s  2 2 ,  2 8 ,  3 4 ,  4 0 ,  4 6 ,  5 2  f o r  t h e  pa r e n t c o a l  
spect r a ,  w i th the inc re a s i ng coal r ank (F i gu re s i n  the or der o f  28 , 5 2 , 
3 4, 40 , 2 2 ,  4 6 ) , the coal spect ra exh ibi t th ree major  difference s :  
increasing i n  intens i tie s  o f  aromati c  CH st retching ( 3 0 30 cm- 1 ) and 
bending ( 9 0 0- 7 0 0  c m - 1 ) �bsor p t i ons ; bu t decreasing i n  i ntens i ty at 1 2 6 5  
cn-1 , C-0 st retch ing . These r e su l ts a r e c on s i stent w i th what has be en 
k nown f or the r ank of coal : aro mati c i ty incr eases and oxygen content 
de c reases w i th in c r eas i ng r ank .  The peak f ron. arom ati c CH st r e t c h i ng 
( 3 0 3 0  c m-1 ) is  not vis i bl e  in  the spe c t rum of c oa l  # 920 , a lo w rank 
subbitu m i nous c oa l ,  :=.nd on l y  a smal l  shou l de r  in spect r a  of coals # 6 0 0 ,  
# 9 3 0  and # 9 40 .  It  become s obvi ou s  w i th higher rank coal # 9 10 and c an be 
apparent ly indentified as an independent peak in the spect r u m  of coal 
# 9 5 0 .  The same t rend is  observed for abso r p t i on s  in  the region of 9 00-
_ , 
7 0 0  c m  · · •  The absorpti ons become st ronge r �1 i th i n c r e a s ing r ank.  The c-
, 
O band at 1 26 5  c m - .1. ,  howeve r ,  dec r e a s e s  w i th i nc r e a s i ng r ank . Ove r a l l ,  
spect ra o f  coa l s  f! S O O ,  # 9 30 ,  �i 9 40 ,  ;i 9 1 0  a r e  very a l ike .  Spect r a  of 
c oal s 11 9 20 and # 9 50 sh ow much lower i ntense absor pt i ons on the :r.i ine r a l 
regi ons than those of c oal s  if GO O ,  # 9 30 ,  # 9 40 and # 9 10 ,  indi cat ing low 
m i ne r a l  content in the se two coa l s .  Addi t i onal evi dence f rom the lo w 
a sh content (Table 3 )  i s  c on s i stent w i th th i s c onclusi on. 
The spec t ra of e x t ra cts are much more compl i cated than those of 
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par ent coa l s  and re s i du e s. Some f e a t u r e s ,  whi ch a r e  no t read i ly seen in 
the coa l and re s i due spe c t ra , a r e  re vealed f ro m  the e xt r a c t spe ct r a .  
Cons i de r t h e  spe c t r a  of e x t r a ct s  f r o m  f r e sh coo.l s ,  th a. t  i s  a l l  th e  
spect r a  recor ded be l o w, m a r k e d  w i th letter "b". F o r  coal # 9 20 ,  a ne w 
peak a t  1 7 0 0  c m - 1  appe a r s ,  w h i ch is as s i gne d to the COOH gr oup accor d i ng 
to the ref e r ence d a ta g i ven i n  �able G .  Th i s  peak g i ve s  st r ong 
a.bsorpt i on in tolu ene and ':'HF ex t racts . The al i phat i c CH st ret ch i ng 
( 2 8 58 , 2 9 2 6  c m - 1 >  i s ext reme ly i n tense i n  toluene so that the peak s a r e  
of f scal e ,  ind i cat i ng many methylene gr oups pre s ent i n  th i s  f r a c t i on .  
The s e  pe ak s seem t o  d e c rease i n  i nt en s i t i e s f rom toluene t o  py r i d i ne 
e x t ra cts in th i s  coa l .  On t h e  O?pos i te , the C-0 absorp t i on i n c r e a s es i n  
i nten s i ty f rom py r i d i ne to t olu ene ext r a c t s .  The st r ong absorp ti on i n  
the py r i d i ne e x t ra c t  o f  # 9 20 c oa l i s  du e to the ret a i ne d DMF solvent 
s ince the amount of th i s  e x t r a c t  i s  too i n s i gni f i c ant to w a sh.  
Coa l  # 6 0 0  and i.� 9 3 0  e x t ra ct spec t r a a r e  qu i te a l i k e ,  as expec ted. 
They show very s i m i l � r  spect ra t o  thos e of the pa rent c oa l s except the re 
are no m i ne r a l absorp t i on s on the for mer spe c t ra .  
Coal # 9 4 0 ext r a c t  spec t r a show s i m i l a r i t i e s t o  tho s e  o f  c oal s # 60 0  
an d # 9 3 0 .  Tol u ene and ':'IIF ex t n ct spe c t ra are a l nost i dent i c al ; bu t a 
weak <"lbso rpti on at 17 2 3  c m - 1  i s  p r esent on bo th DMF and pyr i d i ne 
spe c t r a .  Th i s  peak l i e s  i n  th e r e g i on s  o f  aldehycJe s ,  ket one s and 
e s te r s .  Howeve r , th2 c ont r i bu ti on f rom aldehyde , if o.ny, H i l l  be 
negl i g i bl e s i nce the ch a r a ct e r i s t i c  absorp t i on of the a l dehyde proton i s  
har dly v i s i ble i n  the spect r a .  �hus ,  the peak i s  �ore l i k e l y  att r i bu t e d  
to e i th e r  k et one or e ste r .  0-methyl c ar bo xyl i c  e st e r  has absorp t i on a t  
a very c lose wavenuQbe r .  I t  c an be a s sumed that the pe ak i s  due t o  th i s  
type o f  st ructure even th ough the pos s i b i l i ty o f  k e t one s c an no t be 
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conplet c ly e l ini nated . 
The e x t ra ct spect ra of coa l s  � 9 1 0 and ;� 9 50 arc the most compl i cated 
to a s s i gn and expl ::; in a l l  the peak s. ':'he re a re m any st r ong 0.bso rp ti ons 
p r e sent i n  th e se spect ra .  For coa l # 9 1 0 ,  ne w  pe ak s a t  1 6 5 5 ,  1 7 2 3  c m - 1  
appear i n  t olu ene and ':'H F  ext r a c t s ,  bu t on l y  the peak a t  1 7 23 c m - 1  i s  
pr e sent i n  the Dr lF ext ract.  nei the r of th e s e  two pe ak s i s  ob s e r ved i n  
the pyr i d ine ext r ac t o f  th i s  c oal . The peak at 1 G 5 5 cm - 1 i s  l i k e ly 
c au s ed by some k ind of con jugated c a r bonyl gr oups . ':'he 1 7 2 3  cm- 1 
absorpti on may be att r i bu ted in par t t o the al dehyde pl us k et one or 
e s t e r .  Fu r th e r  suppor t for aldehyde come s f r o m the char acte r i s t i c  
absorpti on o f  the al cc�yde prot on a t  2 7 2 8  cm- 1 . Th i s  f e atu re c an be 
seen i n  the spect ra of coa l # 9 50 ex t ra cts where i t  i s  ev::m more ob vi ous. 
':'he peak at 1 G 5 5  c m - 1 i s  a l so present in all the ext ract spect r a  of th i s  
coal ( # 9 50 ) .  ver y  i n t e n s e  absorpt i on s  a t  1 2 6 5  cn- 1 (C-0 st re t ch i ng )  a r e  
obse r v'.3d i n  thes e  spect ra as we l l .  An unu su a l , st r ong peak at 1 4 0 0  cm- 1 , 
f r or.i a l i pha t i c  CE ben d i ng ,  is shown i n  ':!IF a.n d  py r i d i ne ext ra ct spect ra .  
No e xpl anati on i s  gi ven f o r  th i s  obs e r v ati on. Fu r the r mo r e ,  i t  shou ld be 
not i ced that a ve r y  weak absor pt i on at a r o u nd 19 1 5  c m - 1 oc cu r s  on a l l  
t h e  spect ra of c oa l s  , f  9 1 0 and # 9 50 ,  includ i ng the pa r ent c oa l s , re s i due s 
and e x t ra ct s ,  those i n  c oa l iF 9 50 bei ng s l i ght ly st ronge r .  The 
assi gnm ent for th i s  pe ak i s unk nown.  
Ove r al l ,  as the r a Yl k  i nc r e a s es f r o m  77 to 89% c a r bon content , the 
func ti ona l i t i e s  in c oa l become m o r e  d i ve r s e .  They c an b e  al dehyde , 
k e tone , ethe r , etc.  ':'he lo i,: phenol content i n  h i ghe r rank coa l s 
su gge sts that the ph e nol i c OH m i ght be pl ay ing a sn a l l  r o l e  in thes e 
coals.  Coal s  w i th c ::r bon c ont ents bet ween 77 and 8 3% (daf ) have f e w e r  
type s o f  oxygen func ti onal g r oups .  N o  s i g n i f i c ant c a r bonyl g r oup 
6 4  
absor p t i on s are obs e r ve d  i n  spect r� of the s e  cou l s .  Be low 7 4% c ar bon , 
oxygen fu nc ti onal groups ar"= dom i nated by c u r boxyl g r oups ,  most po s s i bly 
i n  th e ac i d for m. ':'he e x i s tence of th e se oxygen c ontc d n i ng gr oups 
s t reng then the dipole-dipo l e  inte r a c ti ons and E-bonds b e tween the 
solubl e molecu l e s  ( m i c r o  pha s e )  and the coal mat r i x (r.iacr o phas e ) ; hence 
enhance the d i ff i cu l t i e s  of d i ssolu ti on. ':h i s  aga in suppor ts the i dea 
pr oposed by Marzec 3 fi  (a , b) and expl ai ns the l o w  c�xt ra ct y i e l d  i n  coal 
# 9 20.  The hi gh c a r boxyl and phe no l  content of th i s  coal f avor s the 
formati on of H-bonds ,  r·2 su l t i ng in mo r e c r o s s-l ink ing and st ronge r 
i nterac ti ons between the sn a l l nolecu les e>ncl the coal . The low ext ra ct 
y i e ld of f, 9 50 i s  .1t t r i bu ted to the sna l l  qu an t i ti e s  of the l o w  mol e c u l a r  
w e i ght mol ecu le s in h i gh r ank coa l ,  as d isc uss ed bef o re .  The re asonably 
h igh e xt ra ct yie ld of coa l # 9 10 seems to cont radi ct th i s  i dea since i t  
i s  a hi gh r ank coal and has v a r i e t i e s  o f  oxyscn func ti ona l gr oups , as 
i dent i f ied f ro m  F'.:'- IR spect ra.  Howeve r ,  th i s  doe s no t ne ce ssar i ly r:iean 
a h i gh qu an t i ty of oxygen fu nc ti onal g r oups. M o r eove r , the low phe no l  
content i n  th i s  co;;;. l doe s not f avor th e for mat i on o f  H-bonds. ':'he 
e xt reme ly low yie l d s of toluene &nd �IF e xt rac ts and the h i gh yie lds 
w i th DMF and pyr i d i ne sugge st th at the ext n ctable nol ecu le s are on ly 
d i ssolved in a more pol a r  or st r onger base sol vent , whi ch indi c ates the 
s t rong interact i ons bet ween the r.ti cr o - :md nacr omol ecules.  On cont ra s t  
v1 i th th i s , coals # G O O ,  ';i 9 30 ,  and } 9 40 ,  w i th f e w e r  type s of oxygen g r ou ps 
(pos s i bl y carbony l ) , gi v2 e}: t remely h i gh y i e lds w i th toluene and '.:'HF .  
Th i s  i mpl ies that tzw i n te nc ti ons are r ather w e a k  so that the 
di ssolu t i on may oc c u r  th rou gh the solvent d i f fu s i on and swe l l ing the 
po res . As to why the t oluene or ':'HF e x t rnc ts u su a l ly g i ve more 
c ompl i cated absorpt i on s ,  w i th nore oxygen fu nc t i ona l groups pre sent , is 
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F igure 2 2 .  FT- I R  s pec tra of  ( a ) ox i d i z �d coa l #91 1 ;  ( b ) fres h coa l  #91 0 .  
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F i qure 23 . FT- I R  spectra of ( a ) coa l #91 1 res i due ; ( b )  coa l #91 0 res i due . 
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F igure 24 . FT- I R  s pec tra of to l ene extracts from ( a ) oxi d i zed coa l #91 1 ;  
( b ) fres h coa l #91 0 .  
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' F i gure 2 5 .  FT- I R  s pec tra of THF extracts  from ( a ) ox i d i zed coa l #91 1 ;  
( b )  fres h coa l #91 0 .  
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F igure 26 .  FT- I R  s pectra of  DMF extracts from ( a ) ox i d i zed coa l # 9 1 1 ;  
( b )  fresh  coa l  # 9 1 0 .  
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F igure 27 . FT- I R  spec tra of pyr i d i ne extracts from ( a ) ox i d i zed coa l #�1 1 ;  
( b )  fres h  coa l #91 0 .  
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F iqure 28 . FT- I R  s pectra o f  ( a )  ox i d i zed coa l # � 2 1 ; ( b )  fres h coa l #920 . 
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F i gure 29 . FT- I R  spectra of  ( a ) c oa l  #921 res i d ue ;  ( b ) coa l # 9 2 0  res i due . 
69  
a 
b 
........ -- ----1---- - . --+---- --- ---+-- -- - ----- - -+---- - - - ----+------ --
4aaa. a ., , •• 7 zna.. a 229D. a 1 eee. 7 1 0••· a sao. cc 
WAVENUM81:i:R8 <CM- U 
F i gure 30 . FT- I R  spectra of to l uene extracts from ( a ) ox i d i zed coa l #921 ; 
{ b )  fres h coa l #920 . 
a 
1--------.--- -- - +---- - - -it--· 
4aoo. a Mt•. 7 2•-. a aaao. a 1 eee. 7 
Wi\VEHUMBllRll CCM- 1 >  
1 aea.  a 
F i gure 3 1 . FT- I R  spec t ra of  THF extracts from (a ) ox i d i zed coa l #92 1 ; 
( b )  fres h coa l #920 . 
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F i gure 32 . FT- I R  spectra o f  DMF extracts  from ( a ) ox i d i zed coa l  # 9 2 1 ; 
( b ) fres h coa l #920 . 
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F igure 33 . FT- I R  s pectra of pyr i d i ne extracts  from ( a )  oxi d i zed coa l #921 ; 
( b )  fres h coa l #920 . 
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F i gure 34 . FT- I R  s pectra o f  ( a ) ox i d i zed coa l #93 1 ;  ( b )  fres h coa l  #93 0 .  
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Fi gure 3 5 .  FT- I R  s pec tra of ( a ) coa l #931 res i due ;  ( b )  coa l #930 res i due . 
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F igure 36 .  FT- I R  s pectra of to l uene extrac ts from ( a ) ox i d i zed coa l  #93 1 ; 
{ b )  fres h coa l  #930 .  
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F i gur� 37 . FT- I R  spec tra of THF extracts from (a ) ox i d i zed coa l #93 1 , 
{ b )  fres h coa l #93 0 .  
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F i gure 38 . FT- I R  s pectra of DMF extracts  from ( a ) ox 1 d 1 zed coa l #93 1 ; 
( b )  fres h coa l  #93 0 .  
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F i gure 39.  FT- I R  spectra of pyr 1 d 1 ne extra c ts from ( a } ox 1 d 1 zed coa l #93 1 ; 
( b )  fres h coa l #9�0 .  
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F i gure 40.  FT- I R  spectra of  ( a )  ox i d i zed coa l #941 ; ( b )  fresh coa l  #94 0 .  
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F i gure 41 . FT-I R  s pectra of {a ) coa l # 941  res i due ;  { b ) coa l  #940 res i due . 
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F igure 42 . FT- I R  s pec tra of tol uene extracts  from ( a )  ox i d i zed coa l #94 1 ;  
( b )  fres h coa l #94 0 .  
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Fi gure 43 . FT- I R  spectra of THF extracts  from ( a ) ox i d i zed coa l #941 ; 
( 8 )  fres h coa l #940 • 
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F i gure 44 . FT- I R  spec tra of DMF extracts from ( a ) ox i d i zed coa l #94 1 ; 
{ b }  fres h coal  #q4n .  
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F i gure 45 .  FT- I R  s pectra of pyr i d i ne extracts from { a } ox i d i zed coa l  #941 ; 
( b )  fres h  coa l #940 . 
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Fi gure 46 . FT- I R  s pec tra of { a )  ox i d i zed coa l #951 ; { b )  fres h coal #950 . 
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F igure 47 . FT- I R  spectra of ( a ) coa l #951 res i du e ;  ( b )  coa l #950 res i d u e .  
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F i gure 50 . FT- I R  s pec tra o f  DMF ex tracts  from ( a ) ox i d i zed coa l  #951 ; 
( b }  fre s h  coa l # 9 5 0 . 
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F i gure 51 . FT- I R  s pec tra of pyr i d i ne extracts  from ( a } ox i d i zed coa l #951 ; 
( b )  fres h coa l #9E O .  
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Fi gure 48 .  FT- I R  s pec tra of to l u ene ex trac t s  from (a } ox i d i z ed coa l # 9 5 1 ; 
(b )  fre s h  coa l # 95 0 .  
... , ... ., ae•a. a aaa. o , ...., 7 
WAV� CCM- U  
1oea. a 
Figure 49 . FT- I R  s pec trum o r  THF extract from fresh coa l #960. 
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F igure 52 . FT- I R s pec tra of ( a ) o x i d i zed coa l # 601 ; ( b ) fres h coa l #600 . 
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F igure 53 . FT- I R  spectra of { a ) coa l #601 res i due;  { b )  coa l #600 res i due . 
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F i gure 54 . FT- I R  s pec tra of to l u ene extracts  from ( a ) ox i d i zed coa l #601 ; 
( b )  fres h coa l # 600 . 
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F i gure 55 . FT- I R  s pec tra of  THF ex tra c ts from ( a ) ox i d i zed coa l #601 ; 
( b )  fre s h  coa l  #600 . 
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F igure 56 . FT- I R  spectra of DMF extracts from ( a ) oxi d i zed coa l  #601 ; 
( b )  fres h coa l  # 600 . 
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F i gure 57 . FT- I R  spectra of pyr i d i ne extracts from ( a ) o x i d i zed coa l #601 ; 
( b )  fresh coal #600 . 
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unc e r tain.  Fu r th e r  inve s t i ga t i on i s  ne c e ss a r y  to an swer th i s  c;u e st i on. 
Ef f e c t  of 1\i r  Ox i d a t i on on Solvent Ex t :i:: ac t i on :> nd E;{ t r ac t s  
--- -- ------
Ai r o x i dat i on of coal has a t t racted a gre at d e a l  o� attent i on 
·:lu r in<J the l a st t.::n y2ar s ,  s i nply be c au s e  t;H? c � 1 ange s in st ructu re a f t e r  
a i r  o x i d at i on n� su E in  D any d2 t c r i o r a t i on s  i n  c o a l  prope r t i e s. ':'o 
fol low the che m i c a l c� �nge s dur ing th i s  p r oce s s ,  the e f f ect of 3i r 
o x i d at i on on s equ e n t i a l  sol vent e x t r n ct i on of d i f ferent rank coa l s has 
be ::;n und2r inve s ti g a t i on .  '='h"" ext ru.c ti on produ c t s  ( e x t r a c t s  and 
r es i du e s )  are mon i t o r :::; r1 by , if pos s i bl e ,  CPC, P'l'- D., phenol and ash 
content , and swe l l i ng.  Data on phenol , a sh c�nd swe l l ing of r e s i du e s  
befor e and after  o x i c2t i on a r e  given i n  �able 7 .  Phenol data o n  THF and 
DMF e xt rac ts a r c  a l so p r e s c: n t  in th i s  table . 
As ncnti oned e 2 r l i e r ,  ::ii r o;:i cb. t i on on c oa l s  �i 9 10 ,  # 9 2 0 ,  if 9 3 0 , 
�:7 9 40 ,  i/ 9 50 and ;� 6 0 0  :Eor  fou r r.i onths r e su l te d  i n  a s i gni f i c ant de c r e ase 
of tota l e x t ract y i e l d s  on coa l s # 9 3 0  and # 6 0 0 ,  an d a s l i gh t  i nc r e a se 
for coal f 9 20 .  Y i e l d s  o n  o ther coa l s  c. i d  not ch o:mge to a s i gn i f i cant 
deg r e e .  A t rend of tot 3 l  e x t ra ct y i e l d  chang i �g w i th r ank was al so 
obs e r vecl ,  bu t the c o r r::=: l ::� ::i on was no t as st r ong 0s that for the f re sh 
coal s ( s ee F i gu re 8 ) .  �he Qaxi mun y i e l d  has sh i f ted to coal � 9 4 1  
( 7 4 . 9 3 %  C) . The w e :t k  C C) r r2 l a ti on .:m d  the s r c u t  dev i a ti on o f  c oal � 6 0 1  
f r om th is  t rend 1- r o  s r e u t ly i n f l u enced by the c a.r bon c on tent.  The 
e r r o r s ,  if any, on 2 lcmental  ana lys i s  st r ongly a f f e c t  the re su l ts.  
Change s o n  e x t ract y i e l d  of e a ch sol vent ·were ob s e r vGd. Some are mo r e  
pr ofound than the o th r: r s . Coa l s  f G O l  an d  # 9 3 1  gave mu ch lower ext ract 
y i e l d s  on to lu ene an,; 'Z I F  f n ct i ons.  Coa l # 9 1 1  produced an u nu su a l l y  
8 4  
h i gh e x t ra ct y i e ld w i th Dt1F . Coal �i 9 21 had a h i gh e r  y i e l d  w i th DrlF 
a l s o ,  w h i l e  ext r a c t s  of c oal # 9 40 and !; 9 50 re:n a i nerJ m o r e  or le ss the 
s ane . 
Sample 
# ')10 
# 9 11 
# 9 20 
{F 9 2 1  
# 9 3 0 
if 9 3 1  
# 9 40 
# 9 4 1  
# 9 50 
f 9 5 1 
':'HF 
Df ll? 
DMP 
ne s i due 
Re s i du e  
�e s i due 
ne s i due 
Re s i due 
Re si due 
Re s i due 
�e s i due 
Re s i due 
� • 0 l\.G S l GU 8  
o f  �� 9 30 
of {f 9 J O  
of �i a .., ,  1· J -J ..... 
ox 
Ox 
ov . .  
ox 
Ox 
Ox 
Tabl e  7 Phenol , l\sh , and Swe l l i ng Dat a  
Phenol 
(neq/g ) 
6 .  9 3  
5 .  9 0  
8 . S l  
8 . 7 9 
6 . 4 9 
G .  ,g 4 
P . 18 
7 . 6 5 
7 . 13 
4 . 2 6 
'J .,  ('\ t:" .:... .: ... • ...J � 
:!O . J S 
·1G . 6 ::i  
Ash a. 
mt :::, ) 
16 . 54  ( 0 . 0 3 )  
18 . 3 5 ( 0 . 2 3 )  
8 . 7 0 ( 0 . 2 3 )  
9 . 6 7 ( 0 . 2 <1 )  
19 . 7 4 ( 0 .  2 2 )  
18 . 8 5 ( 0 . 1 7 )  
10 . 7 2  ( 0 . 10 )  
1 1 .  9 4  ( 0 . G 6 )  
4 . 2 2 ( 0 . 0 1 )  
5 . 5 3 ( 0 . 0 1 )  
0 .  5 :?  
Swe l l i ng in 
Toluene Ethanol Py r i d i ne 
1 . 1 7 1 . 0 5 1 .  3 1  
1 . 5 9 1 . 3 7 1 .  7 5  
1 .  3 1  1 . 43  1 . 6 8 
l . 6 1 1 . 5 2 1 . 8 2 
1 . 5 4 1 . 8 2 2 . 3 1 
1 . 5 1 1 . 5 3 2 . 5 1 
l .  5 4 1 .  7 4  2 . 7 6 
l . 5 6 l . 6 3 2 . 2 3 
1 .  06 1 . 1 1 1 . 1 0 
1 . 0 2 1 . 0 5 1 . 0 6 
a The a sh d a ta in ( ) r ep r e s e n t  the + or - value s . 
The s we l l i ng cb ta on re s i dues bef o r e  and a f t e r  oxi dat i on seem to  
show the tendency of h i gher s \1c l l ing r a ti o cor re spon d i ng t o  hi ghe r 
e x t ract y i e ld. ':'he ch ange s on s w e l l i ng r J. t i o  be fore and after oxi dat i on 
a r e  sma l l  e xcept f o r  coal � 9 1 0 whi ch sho w s  a s i g ni f i c ant inc rease a f ter 
ox i da t i on. ':'h i s  beh a v i or n ay be re lated to the unu su al l y h i gh e x t r a c t  
yie ld f rom DMF . A sh c o n t e n t s  a r e  qu i t e r an dom ; no fur the r commen t on 
that . 
':'he phenol c on tent of r e s i du e s ,  both f re sh and o x i di z ed ,  tend to be 
l ower than the c o r re spond ing p ::l rent c o 2 l s .  rl.::: s i dues  of coa l s  � 9 5 0 and 
;� 9 5 1  sh o w  a d i f f e r e n t  t rend , hav i n g  h i gh e r  p'.l cnol contents in the 
r e s i du e s .  The l o w e r  ph e nol c onten ts i n re s i du e s ,  in m o st case s ,  
i ndi cate s tha t  e i the r the pheno l i c  OH ha s d i s appe a r e d  du r i ng the 
ext rac ti on p r oc e s s  or the mol ecu l � s  w i th th i s  g r oup have been ext racted 
by the sol vents.  �o p rove the l a t t e r  pos s i b i l i ty,  pheno l c ontents of 
'I'HF and DMF e xt rac ts f rom c oa l  f;- 9 30 were det c: r r:i ined.  :ae su l t s  gave THF 
ext ract 22.95 meq/g and Dr 1F ex t ra ct 3 0 . 3 5  neq/g , much h i ghe r than the 
pa rent c oa l  and the r e s i cJu e .  ':2he phe nol c onte nt for the DMF ext ract 
f r om the oxi di zed coal :!i 9 3 0  ( # 9 3 1 ) i s  4 6 . 6 3 ,  ·<:1 even h i gh e r  v a l u e .  I t  
becones appa rent t h a t  the e x t r a c table r,10 l e c u k s  c a r r y  most of the 
phenol i c  OH. ':'h i s  e xp l a i ne d  we l l  why the e �  is a g r e at i nc r e as e i n  
phenol content in t h e  pa rent coa l  a f t e r  o x i d ati on ; y e t  on l y  a sma l l  
d i f f erence be t ween the f r e sh an d oxi di zed r e s i du e s .  The i nc r e as ed 
pheno l i c OH by o x i d a ti on i s  p r e s e n t  r.: o s t l y  in  the e x t r a c t s  a f te r  
.3 x t ru. ct i on ,  l e av i ng a c o a l  m u. t r i x  s i m i l a r  to t h e  one u i thou t o x i dat i on. 
Th i s  hypo the s i s  c an be proved by fu r th e r  work on the mace r a l  st ructu re 
unde r m i c r o scop i c  i nve st i gat i on ,  w h i ch i s  cu r r e n t l y  proceeding i n  Dr . 
Phe if e r ' s  l a b .  
Change s i n  GPC an 3 l y s e s  co r r e spond t o  the e x t ra c t  y i e ld s .  If the 
ext r a c t  yie l d  chdngc s s i g ni f i c ant ly, cor r e spond ing ch ange s in GPC 
mo l e c u l a r  wei gh t s  a r c  ob s e r ved.  In addi t i on to th i s ,  th e re spon s e  of 
the refractive index d etector d i ff e r s  a f t N  o x i dati on ,  ind i c at ing some 
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fu nc t i ona l i t i e s  have change d .  For equ a l  wc:i ghts of sariple i n j e c t e d ,  GPC 
t ra c e s  of ':'HF e xt r a c ts f o r  c oa l s  'i 6 0 0 ,  !.f 9 ? 0 ,  ·J.nd ,; n o  become r:io rc nar r o w 
and nore i nt en se ;  bu t those f or py r i d i ;1e c x t r :c.ct  becor:ie br oacl2 r .  On th e 
other hana , GPC t wcc:: s of THF c:xt nct f ror:i co0ls � : 0 2') and ii 9 50 show 
sr:i.3. l l e r  de t ec t or r e spon s e ,  1,1hi l e  those of 9y r i d i n2 '2 x t ra ct inc r e a s e  i n  
i n t cn s i  t i e s .  Coal i.l 9 L10 g i ve s  the n e s t  si n i L:r CPC t ra ce s  o f  e x t rac ts 
be fore and a f t e r  O}: i d a t i on ,  c on s i s ten t ui th i t s  sol ven t  e x t r a ct i on 
behi:l.vi or . 
Al thou gh th e F':'- In spec t ra of t:1 e panmt c o a l s do no t d i f f e r  to a 
noti ceable e x tent ::. f t e r  :i. i r  o x i dati on ,  n any s i r:i :i i f i c ant change s a re 
r eve aled on the ext r � ct spect ra. For coa l # 9 20 ,  the spect ra of ext racts 
( F i gu re s  3 0- 1 3 )  bef o r e  and a f ter o x i da ti on are very s i m i l ar (The st r ong 
absorpti on at 1 6 6 2  cr.i- 1 f ro n  the py r idine e x t n ct spec t ru n  i s  du e to 
re tained DMF sol vent ) . ,\c i d  g r oups ,  abs o r b i ns at 1 7 0 0  c m - 1 , a re pres ent 
on both spe c t ra. Th� D. a j or change i s  the i nc L : ::i.se,J i nt e n s i ty at 1 2 5 5  
- 1  ,,... 0 '- '- h .  b t '  c m  , �- S L r e Lc i ng a s o r p  i on .  Th i s  pe ak , f or c oa l , i s  most l i ke ly 
a t t r i bu ted to e st e r ,  < :ther or pheno l . Howeve r , s i nc e  no absor p t i on at 
the e s ter regi on i s  p r c s �:;n t ,  the chance f or 2 s t e: r  i s  not too h i gh .  
':'hus , th(: added o xyge n ,  whi ch i s  r c ;:,son::c.bly h i gh i n  th i s  c o a l  ( s ec Tabl e 
2 ) , i s  used to f or m  o the r s  or p:1 ::no l s .  ':'he f or n a ti on of phe no l i s  
evi denced b y  the i nc r e o. s ec] pheno l content 2 f t :::> r  oxi da t i on ( T:=tbl e  3 ) . 
Bu t the h i gh up tak e of o::ygc::n comp a r e rl t o  the s r:i ::i l l  i n c r e as e  in phe no l  
c ontent s e e n s  t:1 a t no t a l l t h e  o xyge n  i s  u s ec� to produce pheno l , e t h e r  
i s  al so pos s i bly f ound. Howeve r , t h e  f or m ati on of e ther D ay l ead to a 
h ighe r  e x tent of c r o s s - l i nk i n g ,  whi ch shou ld re su l t  i n  a dec r e as e i n  
e x t ract y i e l d ,  as repor ted by r. a.ny inve s t i g at o r s .  The r e f o r e ,  i t  i s  more 
r e as onabl e to conclude that ai r o xi dat i on o n  th i s  coa l  has led to the 
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for m2 t i on of ph enol .  
I n  addi t i on t o  th i s  �ajar change , �no thcr ne w I R  fe a tu r e i s  pre sent 
_ ,  . i n  the: resi on of <) 1) 0 -7 0 0  c::a - .  '.::'wo '.Jeo.:, :o b s orp ti on s ( 7 0 0  sn'J 7 50 
c ;�1- 1 ) ::re  shmm .;; .'.: t ::: r  oxi c.la t i on .  ":::'hey c :m oven be s e ,�n i n  the parent 
c o a l  spectrum.  7hc peak s l ie at the absorpti ons of 1, 2  d i - su b s t i tu ted 
benzene r i ng 11 i th f ou r or f i ve o.d j (]. ce n t  hydr ogen atoms. Bu t i t i s 
c1i f f i cu l t to unc1e r s tanc1 hm1 su ch pr odu c t s  c an be produ ccc1 upon a i r  
o x i da t i on .  Ano th 2 r  o l te r n c. t ive f or th i s  a s s i gnnent nay be the 
a.bs o rp ti on s  f ro n  n i ne r ci.l n a t t e r  s ince th i s  is al so the regi on for 
f:1 i ne r a l  absor p t i on s .  '::'he s econd ev i dence for th i s  ar i s es f rom t h e  weak 
abs o rp ti ons b c t w::en 9 0 0  .::md 1 0 0 0  cr:i- 1 ,  whi ch seem t o co inc i de we l l  w i th 
the pre senc e  of tho s e  t w o  absor p t i on s .  Ho weve r ,  ano ther que st i on ar i s e s  
i f  those absorpti ons a re d u e  to the n i ne o l s .  \lhy d oe s  the r:1 i ne r a l  
d i ssolve i n  the solvents and e v e n  re;;F1in a f t e r  8 0 %  r 1eOH/water wash? The 
proper '2: :pLma ti on for t�1 is is s t i l l not c l ea r .  Th i s  f e atu r e  i s  a l so 
obser ved i n  sone spe c t ra f r o m  other c o � l s .  
spe c t ra ::i r e  qu i t c  3l i k c: . :Jotb ':'IIF :me Dl1F E: X t ro. ct s  show a l no s t  
icen tical  spect r u  t o  tl1 d r  c o r r e spon d i ng u no x i d i z e d  spect r.::i. ; bu t tolu ene 
and pyr i d i ne c: :{ t r 2 ct s  c::<h i b i t ch2ngc s upon o : d r�2.t i on .  For coa l  ii 9 3 0 , 
there i s  a g r e at i nc r e a s e  in 3 l i ph a t i c  CH absorpti on s in the toluene 
f r a.ct i on and a ne r, 1 ,  lo ll i n t r.::n s i ty peak a t  1 7 2 3  c11- 1 shown i n  th e 
spect r u r.i  of the: pyr i d i ne e x t r a. c t .  ":::'h i s  pe?ik i s  as si gned t o  e ste r ,  
- 1  h '  e v i dence d  by the i nc r e as ed i n tensi ty a t  1 2 6 5  c m  , C- 0 s t rc t c  i ng. 
l a t ter absorp ti on c::m a l so be att r i bu t ed to e ther and ph e nol . The 
The 
phenol content on th i s  coal be f or e  o:{ i da t i on i s  no t avai lable due to the 
lack of the sanpl e .  3u t it cou l d  be a s suned that it is c l ose t o  those 
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of ;: G O O  o r  �= 9 4 0 .  Since no othe r obv i ou s  ch :iWJc s a r e  ob s e r ved on r'.los t of 
the spect r e:. ,  i t is ck cu c e d  that f:'.Ost of the ::clc1ec; o xygen upon ai r 
ox i dat i on , be s i de s  thos �:: to f or n  ph eno l , r.1 i gh t  :::-.ccount f o r  t�1 c  f o nn t i on 
of e ther  l i nk uge s whi ch cou l d  l ead t o  the decr ease in  t o t a l  
e x t ract a.bi l i  t y .  '::'he s i z e  of the J.1o lecu l e s whi ch can c1 i s so l  ve in  the 
solvent po ss i bly becone s n a l l e r  due to the inc r c a.s0d c r o s s - l i n k ing. 
'.:'hu s ,  the soluble f r a c t i on s  f ro r;; t:1 �.: o z i d i z ,_::d c o c:i l  a r c , i n  nat u r e , 
s i m i lar  to those f ro n  i_:he f re sh coal and hence g i ve s i m i l a r  spect r a .  
Coal #601 i s  no r 2  or l e ss the sane ,1 s c o a. l  -;� 9 3 1 .  ':'he r:ia jor 
d i f f e r ence i s  shown i n  t o l u e ne c.nd pyr i d i ne c x t rac ts . � Jo  e st e r  
absorpti on appear s on th e py r i d i n e  e x t r � ct spec t rum. nlso,  not su ch a 
s t r ong pe ak in the a l i pha ti c  CH re gi on i s  obs e r v e d  as in the t o l u ene 
. - 1 . , . .__ . .... a ext ract ; bu t a ne w absor p t i on at 1 7 23 c m  , i nc i c a � i ng e s �e r , an a 
- 1  sharp peak a t  1 3 8 5  e n  - a n:: p res ent . '.:'he l at t o r  pe ak i s  too unu sua l t o  
<:issign t o  al i phat i c  CI ben d i ng e ven though i t  i s r i ght a t  the cor re c t  
w avemunb e r . I t  i s  surJg',: sted to b e  ni t r ate 6 6 ,  ::1s r epor ted by o ther 
i nvesti gator s ,  bu t no c e r t a i n t y  on that.  
For c oal 4 9 4 0 ,  the spec t r a before am� :t f t c r  o :d c'J a ti on a re very 
s i m i l a r  except f o r  t h e  s l i ght i nc r 2 a s e  i n  th e C- 0 st re t ch i ng absorp t i on 
in the spe c t run of the '::'IiF e � :t r a ct -:i.nd the c: is appe: a r ance of the peak a t  
1 7 ., ., 
- l  . t' · . J '  · , D " F  <= t '  ,,. ..)  e n  - i n  ne o:n r  i z ca ' 1 1  • _,__ rc:3_ c  i on .  �he u nchanged e x t ract y i e ld 
af ter o x i d a ti on see m s  t o  su gge st that  the a0d�d o xygen cou ld very 
pos s i bly produce phr:mo l . 
Ox i di z erJ coa l s  of �i 9 1 0  c:md ii 9 50 g i ve e x t re ne ly com:}l i cated spec t ra .  
Even before oxid ati on , the spe ct r a f ro n  these t w o  coa l s  a r e  a l ready 
ve ry di f f i cu l t  to e x? l a i n .  Doth coc l s  sho\1 abso r pt i on s  a t  1 6 5 5  and 1 7 2 3  
1 . -1 . en- , acconpanied « 1 i ti1 an C" :{t rene ly st r ong a b s o rp ti on at 1 2 6 5  cm i n  
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most of the e x t ract spe c t ra . Toluene e x t ract of # 9 1 1  e xhi b i ts a 
conpl ete ly d i ff e r ent spect run f ro m  the con � on c oa l  spect r a .  Ext r e � e l y  
s t rong absor pt i on s  .:tt 1 7 2 3  anc1 1 2 6 5  cn-1 0.r � shown. ':'he peak a t  1 7 2 3  
cn- 1 i s  assi g ne d  t o  al dehyde and/or e st e r .  The suppor t o f  aldehyde i s  
the pre s ence o f  3 lo\J  i n t e n s i ty peak at 2 7 2 8  c rn- 1 cha r a cte r i s t i c  of 
ale'.ehyde p r o t on. 7hc incrcc:.se c-c i n t e n s i ty is ev i dence for the 
f o r m at i on of e st e r  c'u r i ng ai r oxi d 3. t i on on th e s e  t w o  coal s .  Th i s  peak 
may c:t l so be <Att r i bu te d  to phe no l  or ethe r . '::'he low phe nol content in 
c oal # 9 5 1  suggc.� st s tlv:1l the con t ribu t i on f ro m  ph eno l in th i s  coal i s  
ve ry smal l .  O n  th'� o th e r  h an d ,  t h e  h i gh phe nol c ontent and high ext n c t  
y i e ld o n  c o a l  w n 1  .s ee r.t s  to indi cate that the for mat i on o f  pheno l i s  
no re f :c.v o r able than ,� th2r forn ati on. 
It shou ld be; r:tcnt i oned that soEie rare  absor pti ons are pre sent i n  
t h e  spect ru m of D rl f  -<:: i{ t r a c t  f rom the ox i d i z ed c o a l  # 9 5 1 .  A s  seen in 
F i gu re 50 , the predoni nant al i phat i c  CH absor p t i on at 2 9 2 6  crn-1 i n  
a l mo st a l l  the coal spe c t r u  i s  nov.' over l appe d b y  the st r ong, br oad 
a.bso r p t i on at 2 9 7  4 c D - J_ Accompanied w i th th i s  a.r'2 a s t rong absorpt i on 
at 2 78 3  cm- 1 :md pe ak s at 3 0 2 2  and 2 4 4 1  CD- 1• ':'hose absorpti on s a r e  
unu su a l ly r a r e  i n  c o a l  spec t ra .  '.::'o e l i D i n ::: te the pos s i bi l i ty ra i s erl 
f r om e xpe r i r.lental e r r or ,  ano th e r pe l l et of th i s  f ra c ti on w a s  made and 
the F'.::'- IR spect ru m r e -run. '.::'he second spec t ru m is  exact ly the same a s  
t h e  f i r st one. ':':ms ,  tl1e se peak s a r e  f r on som e  abso rp ti on s i n  the 
ext ract . '.::'hos e 11a.vc�nu nbe r s and the f eature s of the pe ak s sugge st that 
they might r e su l t f rom un an ine s a l t ,  p a r t i cu l a r ly a te r t i ary am ine 
s al t 9 3 • How th i s  i s  f or med i s  u nc l e ':'i r .  Fu r ther proof on th i s  is  
nece ssary . 
I t  is  c l e ar th a t  ai r oxi da t i on h�s led to changes on each extract 
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to a Cli f f 2 r e n t  a.2 g r e e .  Sone change s a r e  l.l O r c� p r o f ound than t h e  othe r s .  
ne w oxygen c on t a i n i ns g r ou ps r:1 ay b e  p r o du c e ,:; i n  one e x t r a c t  bu t ;::i r ob a bl y  
not i n  the oth e r s .  �cco r d i n g  to th i s ,  th e � l �rncn t d i s t r i bu t i on ( C ,  s ,  
S ,  tJ ,  0) be f o r e  arn:l u. f t er o x i d 2 ti on shou l r] rJ i f f e r .  Hm1,::ve r ,  the: 
c lemcntC\l ana lys i s  on coal f,: 5 0 0  be f o r e  :md ; f t .:" r o :d ca t i on doe s no t show 
the e xpe cted d i f f e renc2.  Thc�s c  re su l t s 3 r e 'J i ve:n in ':'c:blc 8 .  
Tabl e  8 Elef.1cmtal !-rnalys i s  o n  Coal ' r: n n  C\ n d  % 0 1  e x t r Zlc t s  
Toluene 
:� G Q O  # 5 0 1  % 0 0  % 0 1  
:;; :c '.";r i ci ne 
:: r; r) Q  . '  � 0 l �i G O O �  
rte s i c1u 2  
�l: s o o  1� s o i  
,... % G 2 . 57 ·� 
H % 6 . 9 4 
'Cl q, 0 . 2 7 0 
s % 2 . 3 5 
0 CJ. 7 . 2 6 'O 
8 1 . 1 0 
"7 I 7 "  . � 
1 .  0 7  
2 . 0 2 
B . 0 2 
"7 q  " '"'  79 . 87  I '·' • ._, G  
5 . 9 2 6 . 1 9 
1 . 8 2 1 .  6 5  
2 .  ::; 4  2 . 29 
10 .  9 4  10 . 0 0 
7 5 . "' 7  ..., ,... " .. 7 5 . 1- 4  54 . 3 4 SG . 7 0 / ;J • -' { }  
5 . 5 3 5 . G J 5 . 4 8 4 .  ,� 4 3 .  9 2  
l .  .., ..,  l .  S 4  1 . 8 6 1. 20 l .  25 / \..._"\ 
2 .  5 [.  " • :?. 6 2 . 4 4 5 . 1 2 5 . 10 
14 . 0 9 , 1 , ..., .L • · ·- I  1 5 . 0 3 3 4 . 9 0 3 3 . 0 3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
a r:ihe 2 le n e n t2. l  c b t .c:  on py r i d i ne c.: x t r a c t  .'.: ro ::' c oal jl G O l  a re no t 
avai labl e due to the lou y i e ld of th i s  sur.tp l e . 
I t  i s r a th e r  2pp a r cnt , f ro n  the above d i sc u s s i on ,  that the 
o x i d at i on of h i gh e r  rank coa l s  (up to S � �  C)  br i ng nuch �o r e  conpl i cated 
ch anges than on tho lm;er r ank c oi:: l s .  C::: r bony l �:nd c arboxyl g r oup�> a r e  
p r odu ced i n h i gh e r  r in k  coa l s ;  uhi le l o w c.: r  r2nk  co� l s  tend t o  f er n  
9he no l s  and eth e r s .  I t  i s  be l i c ve c"  t h a t  t h '�  p r oduc t s  a r e  f o r r;ied th r ou g�1 
r ad i c a l  r e a ct i on s .  The coal n d i c al s , no s t  l i ke ly the benzy l i c  
r ad i c a l s  a r e  f i r st g 2 nc r ate�. Th i s  p r oce s s  n �y be f a c i l i tated by o xygen 
a . 1 t, 4 an m i ne r a  �at t e r  - . The re a ct i on of U1·? s e  coa l r a c i cal s and oxygen 
then produ c e s  the hy:::1 r operox i ('1<c: s ,  w hi ch fu r t'.1 0 r  r e J c t  w i th o ther 
no L:::cu l e s  or u nde r go r e a r rar1gc ment to g i ve the oxi dat i on produ ct s .  :'he 
fol low ing products a r e  po ss i bl e  accor d i ng t o  th i s  3 s surnpti on. 
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The above r e <:1ct i on s  i l lu s t r a t e  how the o x i d a t i on produ c t s  ,J.r e  
f o r D e d . ':'he f or m a ti on o f  phe nol nay CJ.ccoDpany 'J i th the )XO<Ju c ts of 
a c i d ,  ket one , or aldehyde whi ch M i gh t  fu r th e r  oxi d i z e� to aci d ,  c s  
pr oposed above . Th,=:se  abs orpti ons may ove r l ap u i  th thos e fror:i the 
oxyg,?n funct i on ::< l  0 r oups or i g i n3 l l y  e x s i  t i ng i n  the c oa l s  (e.g. , COOH 
gr oups i n  c oal # 9 20 ;  e s t e r  in c oal # 9 4 0 )  and the st r ong absorp ti ons f r om 
a r or:w t i c C=C st re t ci1 i ng .  Even th ou gh the o x i d a t i on of coal i s  far  f ror:i 
th is s i mple because of the comp l i c a t e d  st ructu ral f e atu r e s  in co�l and 
f u r th e r  pr oof f or th0 above proposal i s  s t i l l  ne c e s s a r y ,  the products 
qu i te we l l  e xpl a i n  t:1e F':'.:'- I� abso rpti ons .  S ince it i s  k nown 4 6  that the 
aror:iat i c  uni ts in c o :; l  ::. r e  l i k e ly j o i neu by v ar i ou s methylene 2nd e t h e r  
l i nk ages ,  some o f  th2m (e.g. , b·:;nzy l i c  c a r bon ) b e i ng sus c ep t i bl e  t o  
o x i dat i on ,  the propos ed produ c t s s e e m  r e asonabl e .  Fu r the r mo r e , 
d i f f e rent c oa l s  m i gh t  f :: w o r  sone reacti on n o r e  than the o the r s , l e a d i ng 
t o  some re act i on product mor e dom i nant than the othe r s ,  whi ch w i l l  
fu r th e r  affect the e ;: t r a c ti on behav i or o f  the coal t o w o.r d s  solvent. ':'he 
preference to the r e a ct i on depencis on the nat u r e  of the coa l , wh i ch 
ch anges u i  th coal r :i.nk.  '.:'hu s ,  the st r u c t u re of thr2 co2l pl SJ.ys .::i.n 
i npor t::i.nt r o l i:: to v l-i:1 t  o x i rJat i on products  2:.re f orry.;d. I t  i s  conc l u ded 
that u r:i ong the c oC\ l s  uc: have stud ied,  coc·. l s  ,'! 9 20 2nd � 9 4(} tend to for m 
phenol upon o x i dat i on ;  coa l s  !i 9 1 0  ancl ·; 9 50 produce ne w c a r bonyl g r oups 
3.nd c a r boxyl g r oups ; coa l s  :i 6 0 0  and ;1 �13 0  f avor the f or n a ti on of ethe r 
l i nk age s .  Pheno l s  a r c  al so f or ned upon o x i dat i on o n  coa l s  # 9 1 0 , � 9 50 ,  
ii 9 30  and # G O O .  
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Conclusions 
Sequent i a l  solvent e x t ra ct i on reveals  change s in ext ractabi l i ty 
w i th coal r ank.  I t  has been found that the total ext ract yields for 
f r e sh coals are rank dependent , showing the t rend of increas ing w i th 
r ank f i r st ,  reaching a maxi mum at c a r bon content between 79 and 8 3% 
(daf ) , and followed by a dramat i c  decrease w i th higher rank.  Ai r 
oxidati on on these coals  re su l ts in a si gnif i c ant de c rease of total 
ext ract yie ld s  in the coa l s  w i th 7 7  and 79%  carbon content (daf ) and a 
s l i ghtly increase in the subbitu m i nous coal ( 7 4% c, daf ) .  A t rend of 
total ext ract yields changing w i th coal rank seems to exi s t ,  bu t the 
cor re l ati on i s  not as clear as that f or f re sh coals .  The maxi mum yield 
of the oxidi zed coa l s  is sh i f ted to coal # 9 4 1  ( 7 5% c, daf ) .  GPC t ra ces 
of  the ext racts f rom these coa l s  show that the molecu lar wei ghts of the 
ext ra ct s  are we l l  cor re lated to the ext ractabi l i ty :  higher e x t ra ct 
yields g ive higher molecular  w ei ght f racti ons.  FT- IR spect ra of these 
coal sample s reveal  the change s w i th coal rank and the d i fference s 
between individual solvent ext racts.  The higher r ank coa l s  ( # 9 10 :  8 6% 
C :  # 9 50 :  89% c, daf)  exh i bi t more compl i cated absorpt i ons on thei r  
ext ract spect ra ,  whi ch are possi bly f rom vari ous k inds o f  carbonyl 
gr oups. Some as signments a r e  unkno wn. The absorptions f rom aci d groups 
are p resent in the spect ra of subbitum inous coal ( # 9 20 ,  7 4% c, daf ) 
f r acti ons. The spect ra of coa l s  bet ween the se rank s are less 
complicated , show ing the oxygen m a inly in the form of phenols or e the r s. 
Ai r oxidat i on re su l t s  in s i gni f i cant  change s in  the spect ra of most 
ext racts,  but not those of the pa rent coal s.  New carbonyl groups are 
present in the spect ra of e x t ra cts f rom the oxi di zed coa l s  # 9 11 and 
9 4 
# 9 5 1 ,  accompanied w i th i n  intense absorpti on in  C-0 st retching. The 
changes on the lower rank coa l s  ( # 6 0 1 , # 9 21 ,  # 9 3 1 , # 9 4 1 )  are observed 
mainly in  the the region of C-0 st retching.  I t  is conc luded that ai r 
oxid ati on l eads to the f romati on of k et one ,  aldehyde or e ster on coal s 
# 9 1 1  and # 9 5 1. Phenol s  are the major oxi dat i on products of coals # 9 21 
and # 9 41 even though they are present in a l l  coa l s  after oxidati on.  The 
format i on of ether l inkage s upon oxi dat i on in coa l s  # 6 0 1  and # 9 3 1  is 
r e sponsi bl e  f or the loss of ext rac tabi l i ty. 
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Appendix A 
Squential solvent Ext r ac t i on 'I'irne for Coal s 
-- --
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Coal Toluene ( Day) THF (Day) DMF (Day) pyr i dine (Day) Total Time 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
#910 2 2 7 10  21 
#910a 2 2 1 2  10  26  
# 911 2 3 20 6 3 1  
# 9 20 2 3 4 3 1 2  
# 921 1 2 5 2 10 
# 9 30 3 4 7 3 ' 1 7  
# 930a 3 4 7 3 17 
# 9 31  3 6 8 2 19 
# 940 5 7 10  4 26  
#941  4 5 6 5 20 
# 9 50 2 2 2 2 8 
#951  1 2 5 2 10  
# 6 00 2 2 2 2 8 
# 6 01  6 7 1 6 2 3 1  
R6 00  4 2 2 2 10 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
a Repeat sequent i a l  ext ra ct i on 
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Appendix B 
Cor r ec ted Squential Ex t r ac t i on Resu l t s  of Coal #600  
Fract i on 
# 6 0 0  coal 
Tol Sol 
Tol Insol 
THF Sol 
THF Insol 
DMF Sol 
DMF Insol 
PY . Sol 
PY . Insol 
Me OH Wash 
Re sidue 
To tal 
Previou s  
Wt . ( g ) a 
8 . 3 99 
8 . 3999  
7 . 58 4 9  
7 . 0 3 98 
6 . 4 8 9 3  
6 . 3 276  
Wt. (g) b Cor rected c 
Previ ous Wt . ( g )  
0 .  7 114 
8 . 3999  
0 . 10 3 6  
o .  5 107 
7 . 68 8 5  
0 . 0 3 44 
0 . 50 9 3  
7 . 0742  
0 . 0 4 1 2  
0 . 14 3 2  
6 . 5 3 0 5  
0 . 0 1 8 5  
6 . 3 4 6 1  
6 . 3 2 55  
8 .  3 978 
Cor recte� 
Wt . ( g )  
0 .  71 14 
0 .  5 11 7  
0 . 5 118  
0 . 14 41 
6 . 3 4 40 
8 . 2290  
Cor rected 
Wt . %  
8 . 47 
6 . 1 6 
6 . 0 9 
1 .  72  
75 . 5 2 
97. 96 
a Previous weight i s  the weight of the insoluble f ra c ti on to beg in with 
the nex t  e x t ra ct i on of another solvent . 
b It  is  the actual wei ght recor ded.  For insoluble f ra c ti on i t  is the 
amount tak en ou t for FT- IR; for soluble f r a ct i on i t  is the wei ght of 
the ext ract . 
c I t  i s  the pre v i ou s  weigh t  assu ming no i nsolubl e f ra ct i on was taken 
out a fter each ext rac ti on .  
d I t  i s  the wei ght calculated f rom the cor rected pre v i ou s  weight . 
9 7  
References 
1 .  Arau jo ,  R.J. et al Ki r k -Oth mer "Encycloped i a  of Che mi cal 
Te ch n o l o gy" , M. Gr a y z o n , D. E c k r o t h , Ed s . , 3 r d  e d . , Vo l . 6 ,  John 
Wi ley and Sons,  NY, 1 9 7 9 ,  2 2 4- 2 2 9. 
2 .  Cl a rence , K. Jr . ,  "Analyti cal Me thods f or Coal and Coal Products" , 
A c a de m i c  Pr e s s ,  I n c . , Ne w Y o r k ,  Vo l . l ,  1 9 7 8 ,  3 . 
3 .  Haya t s u , R. , W i n a n s , R . E . , S c o t t ,  R . G . , M oo r e ,  L . P .  a n d  S t u d i e r ,  
M.H . ,  F u e l , 1 9 7 8 ,  �' 5 4 1 .  
4 .  Pet rak is , L. , Grandy, D.·w. , "Free ::1adi cal s i n  Coal s  and Synthet i c  
Fue l s " ,  L.L. Ande r son , Ed. , Elsev i e r , Amster dam , 1 9 8 3 , 3 .  
5 .  Lar sen , J . W . , Green , T . K .  c:md Kovac ,  J . , � Org .  Chem . 19 8 5 ,  29_, 
4 7 2 9 . 
6 .  Van Kreve len , D . H . , Fuel , 1 9 8 2 ,  .§l.r 78 6 .  
7 .  Dav i d son ,  R . M . , i n  " Co a l  Sc i e n c e ", M . L .  Go r b a ty ,  J . W. La r se n  and I .  
Ue n d e r ,  E d s . , Vo l . l ,  Acade m i c  Pre ss,  NY, 1 9 8 2 ,  1 4 6 .  
8 .  Gi ven , P . H . , Fue l , 19 6 0 , 3 9 , 1 47 .  
9 .  Tei s chmu l le r ,  M. and Tei s chmu l ler , R. , "Geologi cal Aspects of Coal 
Me tamorph ism",  in "Coal and Coal -Bear ing St r ata" , D. Mu rch ison and 
T.S .  Ne stol l ,  Eds. , Oliver and Boyd, Ltd. , London , 1 9 6 8 , 2 3 3- 2 6 7. 
1 0 . Chak rabar t ty , S . K . and Ber k owi t z ,  N . , Fue l , 1 97 4 ,  5 3 ,  240 . 
-- -
1 1 .  Ac z e l ,  T . ,  Go r ba ty , M. L . ,  M a a ,  P. S .  a n d  Sch l o s be r g ,  R . H . , ( 1 9 7 6 ) . 
Prepe r .  Coal Chem. Wor k shop, 1 9 76 CONF- 76 2 8 85 ,  Paper 1 2 ,  165-173 .  
1 2 .  Davi dson , R . M . , op . c i t . , 14 8 .  
1 3 .  Valkov i e ,  v. "Trace Elements in  Coal " ,  Vol . l ,  CRC Pre ss, Inc . ,  Boca 
Rat on , F lor i da , 1 98 3 . 
1 4 . Manfred , W. and Char l e s  W. , Fue l , 1 98 4 ,  6 3 ,  8 9 1 . 
1 5 . Ne l s on , J . C . , Fue l ,  1 98 3 ,  6 2 ,  1 1 2 . 
9 8  
1 6 .  La r s e n , J . H . , Gr e e n ,  T . K .  a n d  Ch i r i ,  I .  " P r o c .  Co a l  S c i .  Con f . " 
Pi t tsbu r gh ,  1 98 3 ,  2 7 7 .  
1 7 .  Lu ch t ,  L .M .  a nd Peppa s ,  N . A . , in  " Ch e m i s t r y a nd Phy s i c s of C o a l 
Ut i l i z a t i on s " , Bo?-..  Coope r a n d  L .  Pe t r a k i s ,  Ed s . ,  Am . I n s t .  Pyhy s . ,  
N . Y . , 1 9 8 0 ,  2 8 .  
1 8 .  Lu c h t ,  L . M .  and Peppa s ,  N .A . , .1\m .  Ch e m .  Soc . Symp.  Se r . ,  1 9 8 1 ,  1 6 9 ,  
43 . 
1 9 .  G i v e n ,  P . H . ,  M a r z e c ,  A . , B a r ton , H . A . , Lync h , L . J .  a n d  Ge r s te i n ,  
B . C. ,  F u e l ,  1 9 8 6 ,  6 5 ,  1 5 5 .  
2 0 .  Mar zec , A. , Ju r k i e w i cz , A .  an d  Pis lewsk i ,  N . ,  Fuel , 198 3 ,  6 2 ,  996 .  
21 .  Ju r k i e w i c z ,  A . , r 1 a r z e c ,  A .  a n d  P i s l e w s k i ,  N . , Fu e l ,  1 9 8 2 ,  g, 6 4 7 .  
2 2 . Gr int , A . , r 1ehan i , S . , Trewhe l l a , M .  and Crook , M . J . , Fuel , 198 5 ,  
6 4 ,  1355 . 
2 3 .  v a n  Bod e g o m ,  B . , v a n  Ve e n ,  J . A .R . , v a n  Ke s s e l ,  G . 11 . M . , S i n n i ge ­
N i j s s e n ,  ti . II .A .  a n d  S t u i ve r , H . C. M . ,  F u e l ,  1 9 8 4 ,  6 3 ,  3 4 6 .  
24 . De Mar s i l l y , c . , Ann . Ch im .  e t  Phys . ,  18 6 2 ,  l_, 6 6 . 
2 5 .  K i e b l e r , r i . w . , i n  " Ch e m i s t r y  o f  Co a l  U t i l i z a t i on " , H . H .  Lo w r y ,  E d . ,  
Vol . l , Wiley, 1 9 4 5 ,  G 7 7- 7 6 0 .  
26 . E r ba t u r ,  G . , E r b a t u r ,  o . , Dav i s ,  M . F . , M a c i e l ,  G.E. ,  Fue l , 198 6 ,  �' 
1265 . 
2 7 .  Squ i r e s ,  T .G . , Ve n i e r ,  C. G . , Hu n t ,  J . D. , Sh e i ,  J . C. , and Sm i t h ,  
B . F . ,  Fu e l , 1 9 8 2 ,  _g, 1 1 7 0 .  
2 8 .  Ber k ow i t z ,  N. , " An  Int rodu c t i on to Coa l Technolo gy", Acade m i c  Pre ss , 
1 9 7 9 , 1 5 8 .  
2 9 .  E r ba tu r ,  G . , E r ba t u r ,  o . , Dav i s ,  M . F .  and M a c i e l ,  G . E . J . , Mal . 
Structu r e ,  198 4 ,  1 1 4 ,  8 3 . 
3 0 .  Re t c o f s k y ,  H . L .  a nd F r i e d e l ,  R .A . , " Spe c t r o m e t ry of F u e l s " , R.A .  
Friede l ,  Ed. , Plenum Pre ss,  New Yor k ,  NY, 1 9 7 0 , 7 0 .  
3 1 .  Wender ,  I . ,  et  al , "Che m i st ry of Coal Uti l i z ati on" , M.A. El l i o t t ,  
Ed. , John Wiley and Sons,  New Yor k ,  NY, 1 9 8 1 , 4 7 9 .  
3 2 . Te o ,  K. C. ,  P i no r a ,  S .  a n d  Le j a ,  J . , F u e l ,  1 9 8 2 ,  g, 7 1 .  
3 3 .  Have n s ,  J .R. , Loe n i g ,  J . L .  a n d  Pa i n t e r ,  P . C. , Fu e l , 1 9 8 2 ,  6 1 ,  3 9 3 .  
3 4 .  Dryde n , I . G. C. , Fu e l , 1 9 5 1 ,  lQ_, 1 4 5 .  
3 5 . v a n  Bode go m ,  B . , v a n  Ve e n ,  J . A .R . , v a n  Ke s s e l ,  G . M . M . , S i nn i ge ­
N i j s s e n , M. W.11 • •  a n d  S tu i ve r , H . C. M . ,  Fu e l ,  1 9 8 5 ,  _§i ,  5 9 .  
3 6 .  ( a )  M a r z e c ,  A . , Ju z wa ,  M . , Be t l e j , K .  a n d  Sobk o w i a k , M . , Fue l 
Process. Technol .  1 9 79 ,  lr 3 5 ;  (b)  Mar ze c ,  A. and Kisielow,  W. , 
Fu e l , 1 9 8 3 , g, 9 7 7 .  
3 7 .  ( a )  M a ye r , u . , Gu t m a n n ,  v. a n d  Ge r ge r ,  W . , 1 9 7 5 .  The a c c e p t o r  nu m b e r 
- A qu anti tative emp i r i cal parameter  f or the e l ect r ophi l i c  
prope r ti e s  o f  solvents .  Monatshefte f o r  Chem i e ,  1 0 6 : 1 2 3 5 ; 
( b )  Gu t m ann , v. , 1 977 .  Solvent Concepts. Chem tech , Apr i l : 2 5 5 ;  
( c )  Gutmann , v. , 1 9 7 6 .  Exp i r i cal paramete r s  f o r  conor and acceptor 
proper ties of solvents . Elect r ochimica Acta , 21 : 6 59 .  
3 8 . Regge l ,  L . ,  Z ah n ,  c. , Wende r ,  I .  a nd Raymo n d ,  R. , Bu r e a u  o f  M i ne s  
Bu l l .  6 1 5 ,  U S  Dep t .  o f  t h e  On t e r i o r , 1 9 6 5 ,  1 7 .  
3 9 .  van Kreve len,  D.H. , "Coal" , Elsevier , Am st e r da m ,  1 9 6 1 ,  1 9 2 .  
4 0 .  D r y de n ,  I . G . C. ,  Fue l ,  1 9 5 1 ,  lQ_, 2 1 7 .  
4 1. Dryden I .G.C. , i n  "Chemist ry of Coal Uti l i z at i on" , M.A. El l i ot t ,  
Ed. , John Wi ley and Sons , New Yor k ,  NY ,  1 98 1 ,  241.  
4 2 . Pu l l e n ,  J . R . , in "Coal S c i e n ce " ,  M .  Go r b a r ty , J.W.  La r s en and I .  
Hender ,  Eds. , Vol . 2 ,  Acade m i c  Press , NY ,  1 98 3 ,  1 7 3 .  
4 3 . Ros e ,  H . J . , " Ch e m i s t r y o f  Co a l  U t i l i z a t i on" , H . H .  Lo w r y ,  E d . ,  Vo l . l ,  
Wi ley, NY ,  1 9  4 5 ,  25-85.  
1 0 0  
4 4. L i o t t a ,  R . , B r on s , G.  a n d  I s s a c s , J . , Fu e l , 1 9 8 3 ,  g, 7 8 1 .  
4 5. Pa i n t e r , P. C. , Syn de r ,  R . W. , Pe a r so n , D . E .  a n d  Kwong J . ,  Fu e l , 1 9 8 0 , 
_?1, 2 8 2. 
4 6 .  Rhoad s ,  C.A . , S e n f t l e ,  J . T. , Co l e m a n ,  M . M . , Da v i s ,  A .  and Pa i n t e r ,  
P . C. ,  Fu e l ,  1 9 8 3 ,  g, 1 3 8 7 . 
4 7. S ch m i d t ,  L . D. , i n  "Ch e m i s t ry o f  Co a l  U t i l i z a t i on" , H . H .  Lo w r y ,  E d . , 
Vol . l ,  Hi ley, t-."Y , 1 9 45 , 6 2 7- 6 76 .  
4 8. M a l on e y ,  D .J . , J e n k i n s , R . G .  a n d  Wa l k e r , P . L .  J r . ,  Fu e l , 1 9 8 2 , g, 
1 75.  
4 9. M a c ph e e , J .A .  a n d  N a n d i , B . N . , Fu e l , 1 9 8 1 ,  �' 1 6 9 . 
5 0 .  Ka j i ,  R. , H i s h i nu m a ,  Y. a n d  N a k a m u r a ,  Y. , F u e l ,  1 9 8 5 , .§i1 2 9 7 .  
5 1. I gn a s i ak , B . S . ,  S z l a d o w , A . J .  a nd Mon t g o m e r y ,  D . S . ,  F ue l , 1 9 7 2 , 2.!,1 
76 . 
5 2. L a r s e n ,  J . W . , Le e ,  s . ,  Sch m i d t ,  T .  and G r i n t ,  A . , F u e l , 1 9 8 6 ,  �' 
5 9 5 .  
5 3. K i e b l e r ,  M . H . , op.  c i t . ,  ( 2 5 ) , 7 5 4 . 
5 4. Igna s i a k , B . S . , Na n d i i B . N .  a n d  M o n t g o m e r y ,  D . S . , Fu e l ,  1 9 7 0 , i2_, 
214 . 
5 5 .  H of f m a n ,  G . P . , H u g g i n s , F . E . ,  Du n m y r e ,  G . R . , P i gn o c c o ,  A . J .  and L i n ,  
M . C. , F u e l , 1 9 8  5 ,  .§_!, 8 4 9. 
5 6. Pe a r s o n , D . E .  a nd K w on g , J . ,  Fu e l ,  1 9 7 9 ,  �' 6 3 . 
5 7 . H a ve n s , J .R . , Ko e n i g ,  J . L . , Kue h n ,  D . , Rho a d s ,  c. , Dav i s ,  A. and 
Pa i n t e r , P .C. , F u e l , 1 9 8 3 ,  g, 9 3 6 .  
5 8. M a r t i n ,  R.R . , Mc l n t y r e ,  N . S . , W i n de r , C .G . , S a n d e r s ,  D. C. , Joh n s t on , 
D . P .  a n d  Mcph e e , J .A . ,  Fu e l , 1 9 8 6 ,  ..§2_, 1 3 1 3 . 
5 9 .  Too k e ,  P . B .  a n d  G r i n t , A . , Fu e l , 1 9 8 3 ,  g, 1 0 0 3 .  
6 0 . Cook e ,  N . E . ,  F u l l e r ,  O . M .  a n d  Ga i k  w a d , R . P . , F u e l , 1 9 8 6 , �' 1 2 5 4 .  
1 0 1 
6 1 . S t e r n b e r g ,  H . H .  a n d  De l l e D o n n e  C. L . , F u e l ,  1 9 7 4 ,  5 3 ,  1 7 2 . 
6 2 . s t o r k , L . r � .  a n d H i l l i s ,  R . S . , J . O r g .  Ch 2 T"l .  1 9 3 5 ,  �' J S 6 G . 
6 3 . I g n a s i a k , B . S . ,  il a n d i , B . N .  a n d  1 1 o n t g o m r:: r y ,  D . S . , Fu e l ,  1 9 7 0 ,  ,1 9 ,  
2 1 4 . 
6 4 . 'i l a ch o w s k a ,  I-1 . a n d  Pa w l a k , W . , F u e l , 1 9 7 7 , 5 6 ,  4 2 2 . -- -
6 5 .  Ua c h o w s k a ,  H . n . ,  tJa n d i , !3 . N .  a n d  r l o n t g o m e r y ,  D . S . , F u e l , 1 9 7 4 ,  5 3 ,  
21 2 .  
6 6 .  Pa i n t e r , P . C. , Syn d e r ,  R . H . , Pe 3. r s o n , D . C .  a n d  Kw o n g , J . , F u e l ,  
1 9 8 0 ,  5 9 ,  2 8 2 . 
6 7 . Pa i n t e r ,  P . C. , Co l e m a n ,  : - 1 . r.1 . , Syn d e r ,  R . � � . , r ·1 a h a j a n ,  O. , Ko m a l s u , t'1 .  
and lla lk e r , P.L.J r . ,  Appl i ed Spe c t r o s c opy , 1 9 8 1 , 3 5 ,  N o . l ,  1 0 6 .  
5 8 .  Bou w m a n ,  R .  a n d  F r e r i k s ,  I . L . C. , F u e l , 1 9 8 0 ,  5 9 ,  3 1 5 . 
6 9 . I ng r am ,  G . R .  and Rimsti d t , J . D . , Fue l , 1 98 4 ,  5 3 , 2 9 3 . 
7 0 .  Mont gome r y, W.J. , "Ana lyt i cal Methods f or Coa l an d Coa l  Produc t s " ,  
C .  Ka r r , J r . ,  E d . , Vo l . l ,  A c a d e m i c  P r e s s ,  1 9 7 8 ,  2 0 3 .  
7 1 .  G i ve n ,  P . H . , Y a r z a b ,  2 . F . , i b i d .  Vo l . 2 ,  J. 9 7 3 ,  3 3 .  
7 2 .  vo r r e s ,  K . S .  a n d  Ju n i k o w s k i ,  S . K .  Am e r .  Ch e m .  S o c . P r ep r i n t s, F u e l  
Di v . , 1 9 8 6 ,  3 1 ,  ( 3 ) , 3 0 4 .  
7 3 .  vor r e s ,  K . S .  and Jan i kowsk i , S . K . , i b i d . 1 9 8 7 ,  3 2 ,  ( 1 ) , 4 9 2 . -- -
7 11. .  Be r k ow i t z ,  N. , "An I nt r odu c ti on to Coa l ':'ech no logy" , Ac ade m i c  P re s s ,  
1 9 7 9 , 3 1 . 
7 5 .  .\l l a r d i ce ,  D.J. an d Evan s ,  D.G. , ",\na l y t i cal t1ethods for Coa l and 
Coal Produc t s " , Academi c P r e s s , Inc . , NY , Vol . l ,  1 9 7 8 , 25 1- 2 5 4 . 
7 6 .  H i pp o ,  E .J . , N e a v e l ,  R . C. a n d  Lang , R . J . , ,\ m e r .  Ch e m .  S o c . P r e p r i n t ,  
Fue l Di v . , 1 9 8 7 , 3 2 ,  ( 1 ) , 1 79 . 
7 7 . Van Kre ve len , " Coa l " , L . L .  Ande r son , Ed . , Amst e r dam , 1 9 6 0 , 1 6 7 . 
7 8 .  Ode , W.H., " Ch e n i s t r y o f  Co a l  U t i l i z a t i o n " , 1 1 . M .  E l l i o t t ,  E d . , J o h n  
1 0  2 
Wi ley 2nd Sons , NY , J. 9 8 1 ,  2 0 8 - 20 9 .  
7 9 .  Co l l i n s ,  C . ,"J . , H a g a. n a n ,  E . '; J . , Jo n e s , ?. . 11 .  a n d  :?. a a c n ,  V. F . ,  Fu e l ,  
1 9 8 1 ,  G O ,  3 5 9 . 
8 0 .  Bu c h a n a n ,  D . H . ,  L' a r f e l , L . C. , M a i , \ 7 .  a nd L u c a s ,  D . , A m e r .  Ch e m .  
S o c . P r e p r i n t s ,  F u e l D i v . ,  1 9 8 7 Er ( 1 ) , 1 4 6 . 
8 1 . ( a )  Cook e ,  �1 . 3 .  and Gai kwad , J. . P . , Fue l , 1 98 4 ,  6 3 ,  1 4 6 8 ; 
( b )  Gl anv i l le , J . O . ancl wi ghtr:vm , J . P . , Fue l , 1 9 8 0 , 5 9 , 5 57 .  
8 2 .  Bu chanan , D . H . , �'ia.r f e l , L . C .  and Lucas , D . , u npubl i s h ed re su l t s . 
8 3 . v an F�reve l en ,  D . \J . , " Coal " ,  E l sev i e r ,  .�r:-lster dam , 19 6 1 , 1 76 . 
8 4 . Maha j an , O . P . , i n  " Coa l St ru c t u r e " ,  R . A .  Meyer s ,  Ed . ,  1 9 8 2 ,  8 1 .  
8 5 . Fu l l e r , f1 . P . , H a m a d e h , I . � i . , G r i f f i t h s ,  P . R. a n d  L o w e n h au p t , D. E . ,  
Fue l , 1 9 8 2 ,  G l ,  5 2 9 . -- -
8 6 .  F r i e d e l ,  I L A .  i n  " .�ppl i e d I n f r a r e d Sp e c t r o s c opy" , D . N .  Ke n d a l l ,  E d . , 
Reinhol d , UY , 19 G 6 , 3 1 2 . 
8 7 . Osawa , Y .  and Shih , J . \ J . , Fue l , 1 9 7 1 ,  .?_Q, 53 . 
8 8 . �obe r t s , c . , Anal . Chen . 1 9 5 7 ,  29 , 0; 1 1 . 
8 9 .  Solomon , P . R .  and Ca r an ge lo ,  "J. . 11 . , Fuel , 19 8 2, G l ,  G G 3 . 
9 0 .  Pa i n t e r , P . C. , S t a r s i n i c ,  n . , Squ i r e s ,  E .  a n d  Da v i s ,  A .A . ,  F u e l ,  
19 8 3 ,  6 2 ,  7 4 2 . 
9 1 . Jenk ins , R.G. ancl \ J a l k e r , P. L . ,  in "Ana lyti cal r 1ethods for Coa l an d 
Coal Produc ts " , Ac ademi c Pre ss , Inc . , UY , Vol . 2 , 1978,  2 78 .  
9 2 . ; 1ang , S . B .  an c1 Gr i f f i th s , P . R . , fue l , 19 85, 6 4 ,  2 2 9 . 
93 .  S i l v e r s t e i n ,  R. t 1 . , Bass l e r , c.c. and Mor r i l l ,  'I'.C. , " Spec t romet r i c  
Ident i f i cat i on o f  Organ i c  Compou nd s " ,  4 th ed. , John Wi ley and Son s ,  
Inc . , 1 98 1 . 
9 4 .  S t r e i  t w i e ser , A. J r .  and Hea thcock , C.H. , " Int rodu ct i on to Organ i c  
Chem i s t r y " , Ma cmi l l an PU bl i sh ing Cor.ipany , 1 9 8 5 , 4 21 . 
1 0 3 
9 5 .  Liotta , R . , Fue l , 1 9 7 9 , 5 8 , 7 2 4 . 
9 G .  S U i r s i n i c ,  r 1 . , Ot a k e , Y .  i 1 a l k e r , P . L .  J r . a n d  Pil i n t e r , ? . C . , F u e l ,  
1 9 8 4 ,  6 3 ,  1 0 0 2 . 
9 7 . Dosman , R . , Fue l , 1 93 3 ,  5 2 ,  10 0 9 . 
9 8 .  R i e s s e r , D . , S t a r s i n i c ,  ! ': . , Squ i r e s , E . ,  Da v i s ,  A .  a n d  P a i n t e r ,  
P . C . , Fue l , 1 98 4 ,  _§2, 1 2 .5 3 . 
9 9 .  Sobk o w i ak , I1 . , =-1. c i s s e r , E . ,  G i v e n ,  P .  u n d  Pa i n t e r , P . , F u e l ,  1 9 8 4 ,  
6 3 , 1 24 5 . 
1 0 4  
VITA 
[iame : iJ o.np i ng n a i  
: :a j or : Org a.ni c dw::1 i st ry 
Pl ace of bi r th : cu.:::.ngzhou , Pc,ople ' s  R .:pu bl i c  of Ch ina 
Seconda r y  (c:duc ati on :  Gu ::-;.ng zhou '.To . 2- 0 0  I :i 9'.1 School , CU '=lngzhou , People ' s  
�2pu bl i c of Ch i n:::: , 1 9 7 1- 1 9 7 8  
Col leg i ate i n s ti tu ti on � t t�nCe� : 
:::'.ou th Cb i ::::n �;orl"'.l'Al Uni ve r si ty ,  B . ::; . , 1 9 7 8 - 19 f 2 
E a s t e r n  I l l i no i s  Uni ve r s i ty ,  I 1 . S . ,  Df'..5- 1 98 7  
Pos i t i ons held : �·2 et ch i n g  tls 0 i s t :m t , Dc[la.r tDent of Cher:li st ry ,  
Sou t '.J  Cl1 i n:i. r :ormi1l Unive r s i ty ,  1 9 8 2- 1 9 8 5  
Cc ldu ::itc� :::s s i s t a. n t , Dep;:;r tD2nt o f  Chemi s t ry ,  
E �i s t e r n  I l l i no i s U n i  ve :c s i  ty , 1 ::' 8 5- 1 9 8 7  
J_ 0 5 
